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Ultrathin Zirconium Silicate Films Deposited on Si(100)
Using Zr(O'-Pr),(thd),, Si(O'-Bu),(thd),, and Nitric Oxide
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Ultrathin Zr silicate films were deposited using ZH{Pr),(tetramethylheptanedione, thd)Si(O-Bu),(thd), and nitric oxide in a
pulse-mode metallorganic chemical-vapor deposition apparatus with a liquid injection source. High resolution transmission elec-
tron microscopy, atomic force microscopy, X-ray photoelectron spectros@p$), and medium energy ion scattering were
employed to investigate the structure, surface roughness, chemical state, and composition of the films. The nitric oxide used as
oxidizing gas, instead of 9 not only reduced the thickness of the interfacial layer but also removed the carbon contamination
effectively from the bulk of the films. The as-deposited Zr silicate films with a Si:Zr ratio of 1.3:1 were amorphous, with an
amorphous interfacial layer 0.3-0.6 nm thick. After a spike anneal in oxygen and a 60 s nitrogen anneal at 850°C, these films
remained amorphous throughout without phase separation, but the interfacial layer increased in thickness. No evidence of Zr-C
and Zr-Si bonds were found in the films by XPS and carbon concentratifrisatom %, the detection limit, were obtained. The
hysteresis, fixed charge density, and leakage current determined from capacitance-voltage analysis improved significantly after
postdeposition anneals at 850°C and the films exhibited promising characteristics for deep submicrometer metal-oxide-
semiconductor devices.
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For standard Si® or SiON gate insulators with thickness tron spectroscopgXPS), and medium energy ion scatteriidglS).
<1.5nm, leakage currents will become prohibitive in a number of The effects of postdeposition anneals were investigated. The current
the applications of complementary metal-oxide-semiconductordensityvs.voltage(J-V) characteristics and capacitanee voltage
(CMOS)technologyt Thus, to improve reliability and reduce power (C-V) characteristics were analyzed for Al-gated capacitors.
consumption, there is a worldwide search for a replacement for _
these gate dielectrics having a higher dielectric constanRecent Experimental
attention has focused on the silicates of those transition or rare-earth - 5j(100) substrates, 100 mm diam, n-type € 0.02~ 0.06
metalé that are thermodynamically stable on silicon in the senseq) cm) were used as starting material. The wafers were given an
that their oxides will not be reduced by silicon to form metal or Hr.|ast RCA clean prior to insertion into a liquid-injection MOCVD
silicide |ayer§ Zirconium silicate has been shown to be thel’mody- System which has been described in detail previo%my.order to
namically stable on Si while possessing a higher crystallization tem4eposit zirconium silicates by liquid injection MOCVD, the precur-
perature than the pure metal oxide. The silicate will have a lowersors for zr and Si should be chemically compatible if they are to be
dielectric constant than the pure metal oxide but this may be parmixed. Organometallics with similar ligand structures are less likely
tially offset by a higher bandgap or conduction band offdgsually to exchange ligands so the precursors, Z4P®),(thd), and
experimental films of zirconium oxide or silicate are produced by sj(-Bu),(thd), produced by ATMI Inc., were employed. A gen-
sputtering or e-beam evaporatibi,techniques not easily trans-  grg| problem with silicon sources for MOCVD is that they have very
ferred to production. A fully production-compatible chemical vapor |ow deposition rates at the deposition temperatures chosen for this
deposition(CVD) technique is required, likely atomic layer deposi- stydy. However, silicon can be incorporated at higher rates than
tion (ALD) or CVD using metallorganic precursoflOCVD). expected from the deposition rates for pure Siims due to an

In MOCVD, alkoxide and3-diketonate precursors are commonly jnteraction between the Si and Zr precursr3he mixed precur-
used. However, the former are air and moisture sensitive. Thesors, 45% 0.15 M solution of Zr(‘GPr)z(thd)z and 55% 0.05 M
p-diketonates are less ambient sensitive, and have higher thermal,| tion of Si(3-Bu),(thd), in octane, were pumped at a rate of 0.2
stability requiring higher deposition temperatures. The films can ex-y| /min because the pump was unreliable at lower pump rates. Dur-
hibit severe carbon _contamlnatf_bnr, for the B-diketonates with ing the deposition, nitric oxide was used as oxidizing gas to oxidize
fluorine-containing I|gand§,fluor|ne_contamm_atlon. In order 10 e silicate films and facilitate the complete desorption of carbon
combine the advantages of alkoxides apdiiketonates, mixed  formed by decomposition of the precursors. The components of the
ligand Zr and Si precursors were developed to lower the thermalaporizer, the gas ring, and the connecting tube were maintained at
stability but maintain a higher ambient stability and higher 4 temperature of 190°C with heating tapes and blankets, while the
volatility. i i _ substrate temperature was controlled at 550°C with quartz-halogen

In this paper, we report the physical and electrical propertiesiamps and a thermocouple. This deposition temperature was chosen
of zirconium silicate films deposited by introducing since deposition rates for the Si precursor were too small at lower
Zr(O'-Pr),(tetramethylheptanedione,thdind Si(G-Bu),(thd), by temperatures.
liquid injection and introducing oxidizing gas, nitric oxidsO), or The base pressure of the MOCVD chamber wak0 © Torr.
molecular oxygen, into a CVD system. The zirconium silicate films Jjust prior to deposition most of the wafers were heated for 5 min at
have been analyzed by high-resolution transmission electron micros580°C in NO to grow an ultrathin oxynitride buffer layer. The depo-
copy (HRTEM), atomic force microscop§AFM), X-ray photoelec-  sition of Zr silicate films was done in the “pulse mode” in which the

precursor and nitric oxide were introduced separately through dif-

ferent gas distribution rings with intervening pumping periods of 15
* Electrochemical Society Active Member. s. Nitrogen at a flow rate of 100 standard cubic centimeters per
Z E-mail: hwchen.ee86g@nctu.edu.tw minute (sccm) was introduced into the nitric oxide gas ring and
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flowed during the complete deposition cycle. Thus each cycle ofthrough a shadow mask. No postmetallization annealing was per-
deposition consisted of four stages) (00 sccm N for 15 s, (i) formed to avoid reaction of the Al dots with the Zr silicate films and
150 sccm NO+ 100 sccm N for 15 s, (ii) 100 sccm N, for 15 s, back contacts were made with In-Ga eutectic. The area of the ca-
and (v) 50 sccm Ar+ 100 sccm N + precursor for 40 s. Pres- pacitors was measured to an accuracyx#% with a calibrated
sures at various stages of the deposition cycle were in the 8-12ligitizing camera. Electrical measurements were made by probing
mTorr range. Different oxidizing gasedNO, O,) were used to the Al gates in a probe station attached to two instruments, a multi-
evaluate the effect on the interfacial layers. frequency LCR metetHP model 4275A)for C-V characteristics,
Films were analyzed by XPS using a PHI 5500 system with aand a picoammeter/dc voltage souftd> model 4140Bjor current-
monochromatic Al K X-ray source in a standard 90° geometry Voltage characteristics. High frequency C-V measurements were
(X-ray source and electron spectrometer 45° off nojraatl a pass ~Made by stepping with 0.1 V steps each second, first freb to

energy of 58.7 eV. Depth profiling was accomplished with intermit- +2.5V and then in the reverse direction to look for hysteresis. The
tent Ar* sputtering at 1 keV, 50 nA, and 45° incidence. The peak EOT was obtained from the 100 kHz C-V characteristics by using
positions were referenced to the Si;2peak at 99.9 eV, the NCSU C-V fitting routiné? which includes quantum effects in

AFM measurements were made using a Digital Instrumentsthe channel.
Nanoscope Il operating in tapping mode with 5 nm diam silicon
probes. Cross-sectional samples were made using a low-angle ion-

milling technique. The structure of the films and the effect of an- Results and Discussion
nealing were observed directly in HRTEM micrographs made on a |n Fig. 1 the HRTEM images of Zr silicate films with a Si/Zr
Philips EM-430T instrument operating at 250 keV. ratio of 1.3/1 are shown. These samples were all grown using 12

The MEIS measurements were performed at the 1.7 MV highcycles of pulse mode deposition at a substrate temperature of 550°C.
current tandetron facility at the University of Western Ontario. Elas- For these HRTEM images, the spacing of thél&l) planes(0.313
tically scattered protons were analyzed at 90° via a toroidal electronm) provided a built-in length reference. In Fig. 1a, the film was
static analyzer having a resolutidE/E = 0.003. The measured deposited with nitric oxide after the growth of the oxynitride layer in
energy variance at 100 keV wasl50 eV, which corresponds to a nitric oxide at 580°C for 5 min. In Fig. 1b, the film was deposited
depth resolution of 0.5 nm at the surface of a zirconium silicate with oxygen after the growth of the oxynitride layer in nitric oxide
sample. Scattered particles were recorded via a position-sensitivat 580°C for 5 min. In Fig. 1c, the film was deposited with oxygen
(channelplatepetector, thereby providing a two-dimensional spec- after the growth of the oxide layer in oxygen at 580°C for 5 min. In
trum (energy-anglepver an angular range ef30°. A double align- all cases, th(_e Zr siIi_cate Iaye_rs and the _interfacial Iayers are amor-
ment configuration with ions incident along tt&01) direction and ~ Phous. The interfacial layer in Fig. 1a is 0.6 nm thick, which is
scattered along th@01)direction was employed to reduce the scat- thinner than those in Fig. 1b and 1c. This is an indication that the
tering yield from the crystalline silicon substrate. oxymtnde layer retards oxygen dl.f'fu5|on to the Si interface. .

In order to deduce a physical length scale for ion scattering mea- _ Fig. 1d shows the sample of Fig. 1a after a spike anneahiatO
surements, a density value must be assumed. In the MEIS analysi§20°C, followed by a nitrogen anneal at 850°C for 60 s and a FGA
values of the density for silicon dioxide and silicon nitride of 2.30 at 380°C for 20 min. The Zr silicate layer and the interfacial layer
and 2.95 g/cri, respectively, have been used. These values wered'® Still amorphous without any phase separation or crystallization.

deduced from previous nuclear reaction analysis measurements oﬁ?e thickness of the interfacial layer increases to 1.4 nm, while the
100 nm thick films whose thicknesses were determined byt ickness of the Zr silicate layer remains unchanged. The increase of

; 1 the interfacial layer is likely due to oxygen or residual water vapor
g'g%sg,Tﬁrxasﬁséﬂﬂﬁr g;z 5.6 glerfi was used for Zr9 and in the thermal processor diffusing to the Si interface during the spike

A simulation program, QUARKMEIS, has been used to deter- anneal in Q. . - N
mine the composition of the films using a number of layers of vary- 'I;.Te deposﬁ!oE tchon;jlﬂong of t?]e ;anllple(;n IFIgt. .1a|were| used for
ing composition® In the simulations, the elastic scattering yield ef' ms 3n|w ,f zetho own:g physicalan eecfrlca ana 3r/13|s was
was calculated for each layer, further divided into identical sublayerspE{ c_>rmde ¢ n t'hg' A,FMe_roo me?r:hsq;almls)stur?;:e Tougzgess
sufficiently thin, and the composition was varied using a Levenberg—o ained from the Image ot the 21 siicate 1iim 1S 9.25 nim,

Marquardt fitting procedure until the agreement with the experimen-‘évuhgg?r;;:me"vhat larger than the val@.1 nm obtained on the Si

tal spectrum is optimized. The line shapes are determined by con= In Fig. 3, the XPS C 1s, Si 2p, and Zr 3d spectra of the films are

voluting calculated yields with the response function of the MEIS hown. The C 1s spectrum of Fig. 3a reveals three peaks at 285.79,

spectrometer, which is nearly Gaussian but exhibits a low energy taE . i
similar to response functions observed for semiconductor detector286-73. and 287.99 eV, The peak at 285.79 eV is ascribed to C-C or

The response function was determined using the energy spectrurfy-H bonds, the peak at 2876-73 eV to C-O bonds, and the peak at
produced by 100 keV protons incident on a thin Au layer3(A) 287.99eVio C= O bonds:” No lower binding energy peak char-
sputtered onto a diamond-like carb¢BLC) substrate. In order to  acteristic of the Zr-C bond was fourtfi.The carbon contamination
account for the fraction of charged protons transmitted through theS due to residual carbon from the precursors and the ambient con-
MEIS electrostatic analyzer system to the detector, the results ofamination during transfer to the XPS system. After two cycles of
Marion et al'4 were used. sputtering these peaks disappeared, indicating the carbon contami-
Samples were annealed in a Heatpu|se @mag RTP systems nation WaS_ Only on the surface of thef|lm$, the bulk carbon
rapid thermal processor. Keeping the temperature of the nitrogeroncentrations were below the limit of our instrument
anneals below 900°C avoids the possibility of phase separation an<0.1 atom %). . o .
crystallization!® For the “spike” anneals in @, the temperature In Fig. 3b, the Si 2p peak is fitted with four peaks at 99.9,
was ramped at 125/s to 850°C and the processor was set to pause¥{0-51, 101.26, and 103.20 eV, respectively. The first two are as-
this temperature for 1 s before the quartz lamps were turned off. The&ribed to the Si 2g, and Si 2, lines. A spin-orbit splitting con-
nitrogen anneals were done at 850°C for 60 s. Forming gas anneaifant of 0.61 eV and the intensity ratio Siz2pSi 2/, of 2 was
(FGAs)were done in a 4% Kin N, mixture at 380°C for 20 min.  used to fit these peaks. The peak at 101.26 eV is due to an interme-
By comparing the film thickness determined from HRTEM mea- diate oxidation state. The peak at 103.20 eV is 3.3 eV from the Si
surements with the accumulation capacitance determined at a fresubstrate peak, a chemical shift smaller than theeV shift ob-
quency of 100 kHz, the equivalent oxide thicknéE©T) and di- served for 1.8 nm thick Sifilms.!® This is characteristic of Zr
electric constant of a film can be determined. Measurements wersilicate but could also be due to incomplete oxidation of a silicon
made on Al-gated capacitors formed by evaporating aluminumoxide interfacial layer.
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Figure 2. AFM image for the film of Fig. 1a. The rms surface roughness is
0.25 nm.

In Fig 3c, the Zr 3d spectrum consists of one doublet with peaks
at 183.59 and 185.99 eV, and the expected Zf,3dr 3d;/, intensity
ratio of 3/2. This doublet can be ascribed to Si-O-Zr bonds. There is

o el . g Ve no evidence of Zr-C or Zr-Si bonds in the Zr 3d spectrfrf
7 ; l t ; In Fig. 3d, the O 1s spectrum reveals two peaks at 532.45 and
& [ 81 lca_e e i s 533.15 eV. The peak at 532.45 eV can be ascribed to the Si-O-Zr

bonds. The smaller peak at 533.15 eV is likely associated with the
oxynitride layer underneath the silicate film. The binding energy
difference Ey(O 1s) — Ey(Zr 3d5,,) = 348.86 eV and E,(O 1s)

— EL(Si2p) = 429.25 eV are close to the values of 348.35 eV and
429.5 eV, respectively, reported in Ref. 21.

Figure 4 shows the MEIS spectrum for the as-deposited film of
Fig. 1la. The solid line is a simulation of the data using the Quark-
meis code with a four-layer modéincluding the substrate whose
surface gives rise to a contribution to the Si peakhe first layer
had the composition C§}0, .3l o7 With a total carbon areal den-
sity which amounts to approximately 3 monolayers of carbon on the
surface of the film. Assuming this layer had the same density as
silicon dioxide, it is 0.5 nm thick. The Si, Zr, and O in the top layer
are probably due to unreacted or partially reacted precursor mol-
ecules. Since the film was maintained in flowing NO at the deposi-
tion temperature for several minutes after deposition, the amount of
undepleted precursor was not expected. Its existence implies that
subsequent precursor molecules are involved in the completion of
the decomposition reactions of the molecules underneath.

The second layer has the composition £8iy 440, (Si/Zr ratio
of 1.3 /1). A density for this layer can be estimated by assuming that
the molecular volume is the sum of molecular voluflesf the
appropriate amounts of Si, SjQand ZrQ . This gives a density of
2.91 gm/cmi and a layer thickness of 1.5 nm.

) ) ) ) N A layer at the interface was best modeled as»3.20* nitrogen
fime deposited inifrent oxdinng 04 a a substate temperatue of 5502 LOT/CIF, approximately a halfmonolayer of i atoms oHISD).

) = o . his is a characteristic of the Si substrate oxidation in nitric oxide at
using 12 pulse-mode cyclet) oxynitride grown at 580°C for & min in NO, 580°C. Attempts to model the interface layer as an oxynitride or to

then Zr silicate deposited with N@b) oxynitride grown at 580°C for 5 min - . . .
in NO, then Zr silicate deposited with,0 (c) oxide grown at 580°C for 5 @dd another silicon oxide layer on top of the nitrogen layer did not

min in O,, then Zr silicate deposited with,O (d) the sample in(a) with improve the fit. Apparently, the thickness of the interface layer was

spike anneal at 850°C in,Q then the nitrogen anneal at 850°C for 60 s and €SS than the depth resolution of the MEIS technique, approximately
a FGA at 380°C for 20 min. The Zr silicate layers are 2.0, 1.9, 1.8, and 1.90.6 nm at the film interface. The total thickness of the three layers

nm thick (from a to d). The interfacial layers are 0.6, 1.8, 2.4, and 1.4 nm determined by MEIS was 2.1 nm, less than the value of 2.6 nm
thick (from a to d. determined by HRTEM and shown in Fig. 1a, but in reasonable
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Figure 3. XPS spectra with background subtracted showi@®®) data and— — —) fitted peaks for the as-deposited Zr silicate film with 12 cycles at

550°C:(a) C 1s spectrum with two peaks at 285.79, 286.73 and 287.9¢b¢'\Ri 2p spectrum with four peaks at 99.9, 100.51, 101.26, and 103.2@)eXt
3d spectrum with two peaks at 183.59 and 185.99 eV,(dn® 1s spectrum with two peaks at 532.45, and 533.15 eV. The solid lines are the sums of the fitted
peaks.

agreement considering the errors in determining thickness from 210———m———————————7—————
HRTEM micrographs. I
The C, N, and O peaks for pieces of the same wafer before anc 1800 -
after a spike anneal in.{at 850°C is shown in Fig. 5. The top layer 1500 I
had the composition C$}0q 13€Lr15- and was 0.64 nm thick, I
assuming it had the density of silicon dioxide. The areal density ofﬁ 1200 -
carbon decreased, but after annealing, the carbon may have been jL 2 i
adventitious. The Si and Zr in the top layer evidently oxidized. This 8 900 -
is corroborated by the oxygen peak in Fig. 5 where the leading edge I
had shifted to higher energies after oxygen anneal, indicative of 600
some oxide above the Zr silicate layer. The most important change L
in the MEIS spectra is observed in the broadening of the O peak or 3¢
the low energy side. The simulation indicates that the interfacial

layer increased to a thickness of 0.9 nm and the best fit was obtaine 0

assuming that it had the composition $¥O; ;3. Attempts to add a Y S
zirconium component to this layer did not improve the fit. The thick- 82 84 8 8 9% 92 9% 9% 9B
ness was again somewhat smaller than the 1.4 nm observed by HF Energy (keV)

TEM as shown in Fig. 1d. The fact that the silicon dioxide density

resulted in an underestimate of the interfacial layer thickness sugfigure 4. MEIS spectrum of 2.7 nm thick as-deposited Zr silicate film with
gests that the interfacial layer was underdense. Given that the cona Si:Zr ratio of 1.3:1(@®®) data,(——) simulation.
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Figure 5. MEIS C, N, and O peaks for the as-deposited Zr silicate film with Annea| Conditions 2 Anned
a Si:Zr ratio of 1.3:1 of Fig. 4 before and after spike anneal jra0850°C:
(@@®) before anneal(——) simulation, (AAA) after anneal(— — —)
simulation. 10" T T T 10"
position is close to that of stoichiometric silicon oxynitride, the
magnitude of the discrepancy seems to be much larger than ex o —_
pected. However, errors in determining the thickness of the layersy o
from the HRTEM measurements can be as high as 0.4 nm. The are: £ e
density of nitrogen in the interface layer remained constant, to o 9{_
within experimental error, after the spike anneal in. O =" Z
The 100 kHz C-V characteristidgscanned from inversion to ac- . <
cumulation) of these films are shown in Fig. 6 for different post
deposition annealin®DA) treatments. Each sample was spike an-
nealed in Q at 850°C first, followed by subsequent anneals. In Fig.
7, the effect of PDA on the flatband voltage shift\(g), the fixed )
charge densityN;), and the effective density of trapped charge at " . ‘ . .
the interfaceA N,) are shown for the samples in Fig. 6. For the film 10 Spike Anneal Spike Anneal+FGA Spike Anneal+ 10
spike annealed in Dat 850°C, there is a significant hump in the N, Anneal+FGA

C-V curve. Considering the ideal flatband voltag€érf = W,
= — 0.2V, whereW,is the work function differeng&® the flat-

1600
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Capacitance (nflcm?)

20 15 -1.0 -05 00 05

Gate Bias (V)

Figure 6. High frequency C-V characteristics of capacitors with Zr silicate
gate dielectric obtained at 100 kHz. The samples w@lll) spike an-
nealed in Q at 850°C,(@@®®) spike annealed in Oat 850°C and FGA at
380°C for 20 min, spike annealed in, @t 850°C, ther(AAA) annealed in

Anneal Conditions

Figure 7. The effect of different postdeposition anneals for Zr silicate films
on (a) the flatband voltage shifA Vg, (b) the fixed charge densiti;, and
the effective density of trapped charge at the interfabk. The spike anneal
was done in @ at 850°C. The FGA is at 380°C for 20 min. The lHnneal
was done at 850°C for 60 s.

band voltageVeg = — 1.01V corresponds to a positive fixed
charge densityN; = 7.3 X 10'%cn?). A counterclockwise hyster-
esis, withAVgg = — 58 mV, is associated with an effective den-
sity of trapped charge at the interfacel, = 5.2 X 10*Ycn?. It is
believed that the appearance of the hump is duegtoenters at the
interface?®?* For the sample spike annealed in @ 850°C and
given a subsequent FGA at 380°C for 20 min, the flatband voltage
shifted to —0.69V (N; = 4.4 X 10%cn?) so the hump dimin-
ished. The value oA Vg is also reduced te-26.2 mV, correspond-
ing to AN, = 2.4 X 10'Ycn?. Thus the FGA reduced the charge
trapping/detrapping and passivated thgcenters effectively.

For the sample spike annealed ip,Qhen nitrogen annealed at
850°C for 60 s and annealed in forming gas at 380°C for 20 min, the
flatband voltage shifted te-0.43V (N; = 1.8 X 10'%cn?). The
value of AVgg reduced to—22.5mV (AN, = 1.9 x 10'%cn?).

The N, anneal reduced not only the charge trapping/detrapping but
also the leakage current densfghown later). For the same sample,
negligible hysteresis was observed in the inset of Fig. 7a. In Fig. 7,

N, at 850°C for 60 s and FGA at 380°C for 20 min. The EOTs are 2.3, 2.22, it is seen thal\ Vg, N¢, andAN, all decreased after the additional

and 2.32 nm, respectively.

nitrogen anneal. The reduction M; might have been due to the
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Figure 9. Current density as a function of gate voltage for the Zr silicate
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Figure 8. Frequency dependence of the C-V characteristics of the Zr silicatefilm of Fig. 6 with for substrate injection(AAA) as-deposited, after

film which has an EOT of 2.32 nm after a spike anneal at 850°C,n O (¢ ¢ ¢) a spike anneal at 850°C in,@nd a FGA at 380°C for 20 min, after
followed by a nitrogen anneal at 850°C for 60 s and a FGA at 380°C for 20 (k% %) only a spike anneal at 850°C in,Qafter (HEM) a spike anneal at
min: (HEME) 10 kHz, (@@®) 100 kHz, and(AAA) 1 MHz. A slight fre- 850°C in G, followed by a nitrogen anneal at 850°C for 60 s and a FGA at
quency dispersion is evident below midgap, indicating the existence 0f380°C for 20 min.

donor-like interface states. The inset shows the frequency dispersion of the

sample after a spike anneal at 850°C indhd a FGA at 380°C for 20 min.

In Fig. 10, the leakage current densities as a function of gate bias
) ) ) ] ) under substrate and gate injection are shown, indicating the polarity
introduction of negative fixed charge and/or the annealing of thedependence. The leakage current density@Ves = 1V is 1.4

positive fixed charge. X 107* Alem?, which is about 20 times lower than that of $iO
Figure 8 shows the 10 kHz, 100 kHz, and 1 MHz C-V curves of with the same EOT (3< 10 3 Alcm?).2° The leakage was higher

the Zr silicate film spike annealed at 850°C i ,CGhen nitrogen under substrate iniecti g ;
o : ! o jection than under gate injection. The tunnelling
annealed at 850°C for 60 s and annealed in forming gas at 380°C fop o aility is inversely proportional to the tunnelling area defined

20 min. The area of the capacitor is 2810 * cn?. From the 100 py the electron tunnelling distance and the barrier height. Under gate
kHz C-V curve, the EOT is 2.32 nm with the quantum correction. jniection, the tunnelling area was largee., the electron tunnelling
Compared with the frequency dispersion of the sample spike anpropapility is lower as described in Ref. 30, thus the leakage current
nealed in Q at 850°C and then given a FGA at 380°C for 20 min js |ower for gate injection.

(shown in the inset of Fig.)8there is only a small frequency dis-
persion in the C-V curves due to interface states, mainly below the
midgap. This indicates that most of the interface states, not passi- |, thjs study, ultrathin zr silicate films were deposited ofL80)

vated by the FGA, were eliminated by the nitrogen anneal at 850° sing Zr(O-Pr),(thd), and Si(3-Bu),(thd), dissolved in octane.

for 60 s. The slight dispersion due to the remaining interface states-. N o .
might be further reduced with a postmetallization anneal because th?ailtheIr @ or NO was used as the oxidizing gas. Nitric oxide forms

reaction between the metal and residual water on the surface can
generate atomic hydrogen which is more effective in passivating
interface states than molecular hydrogen.

For the as-deposited and spike annealed samples of Fig. 8
electron-energy-loss spectroscof)ELS) spectra confirmed the
conclusion from the MEIS spectra that the Zr content in the interfa-
cial layer was below the detection linft. Assuming a dielectric
constant appropriate for SyaGf 3.9 for the interfacial layer, a di-
electric constant of 8.5 was determined for the Zr silicate layer.

Figure 9 shows the corresponding leakage current densities as
function of gate voltage for the samples in Fig. 6 under substrate
injection (positive gate voltage The leakage current of the film is
reduced by orders of magnitude after the spike anneabinSpme
of the reduction of leakage current is due to the increase of the EO1
associated with the increase in interfacial layer thickness noted ir
the Fig. 9 and the rest may be due to the decrease of traps whic
contribute to trap-assisted tunnelling curréhfThe small change
observed after the FGA may be due to variations in film thickness
over the wafer. A further significant current decrease in leakage
current is noted after nitrogen annealing, probably related to a fur-
ther decrease in trap-assissted tunnelling. For the annealed sample
the J-V curves are similar to those associated with soft breakdown in
SiO, films and are characteristic of the trap-assisted tunnelling in therigure 10.

Zr silicate films?7:28 Fig. 8.

Conclusions
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an oxynitride buffer layer which retards oxygen diffusion to the Si

C471

National Chiao-Tung University assisted in meeting the publication costs

interface. Both NO and Qreduce the carbon contamination effec- of this article.

tively. No evidence of C-Si, Zr-C and Zr-Si bonds were found in
the XPS spectra. HRTEM images showed that the as-deposited Zr
silicate films were amorphous. After postdeposition anneals at 1.
850°C, Zr silicate films with the composition Si:Zr ratio of 1.3:1
were still amorphous and no phase separation was observed.

The HRTEM images and MEIS analysis showed that a substan-
tial interface layer, 0.9-1.4 nm thick, was produced by a spike anneal g
in O, at 850°C. The Zr concentration in the interfacial layer was
below the sensitivity of the MEIS technique-b atom %) after
annealing and this has been confirmed by EELS analysis. Limiting ©-
the growth of the interface layer will require a reduction in the
thermal budget during any £Lanneal, and this needs to be further
investigated.

One of the functions of the LOanneal was to eliminate the C
from precursor evidently left on the surface of the film. The fact that 10.
this remaining precursor was not oxidized during the final oxidation
stage in the deposition chamber suggests that the decomposition of
the precursor is a rather complicated process requiring both a sepe}—l'
rate oxidant and species produced during the succeeding precursgs
pulse.

The ultrathin Zr silicate films described in this work exhibit 13.
promising C-V and J-V characteristics. TRg centers at the inter-  14.
face were effectively passivated by FGA, consistent with the hy-
pothesis that the interfacial layer was silicon oxide. The hysteresisls'
fixed charge density, and the effective density of trapped charge a%s'
the interface are also improved significantly by anneals at 850°C.
Most of the frequency-dependent interface states, not passivated by
the low temperature FGA, were eliminated after the 60 s nitrogeni7.
anneal at 850°C. The slight remnant frequency dispersion belowis.
midgap might be reduced if a proper FGA were performed after,
rather than before, gate electrode definition. Higher temperature ant®
nealing might also reduce the remnant dispersion but the films ma
crystallize at temperatures above 900°C. After a spike annea} in O
at 850°C and an anneal for 60 s i dt 850°C, a Zr silicate film
with an EOT of 2.32 nm exhibited a leakage current about 20 times
lower than that of a Si@film with the same EOT. These electrical
properties demonstrate that a thin Zr silicate film formed by
Zr(O'-Pr),(thd),, Si(O-Bu),(thd), and nitric oxidemight be a
promising gate dielectric for deep submicron CMOS devices, if
ways can be found to decrease the interface layer thickness.
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