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The characteristics of ultrathin ZsGilms deposited using molecular oxygen and the zirconium precur$@-Br),(thd), [where

O'-Pr is isopropoxide and thd is 2,2,6,6-tetramethyl-3,5-heptanedipwate investigated. The organometallic was dissolved as

a 0.15 M solution in octane and introduced into the deposition chamber using a liquid injection system. The deposition rate was
insensitive to molecular oxygen flow but changed with liquid injection rate and was thermally activated in the range 390-550°C.
No evidence of Zr-C and Zr-Si bonds were found in the X-ray photoelectron spectro&<BpY, spectra, and carbon concentra-

tions, <0.1 atom %, the detection limit of the XPS depth profiling measurements, were obtained at the lowest deposition
temperatures and deposition rates. High-resolution transmission electron microscopy showeg filen&1t® be polycrystalline

as deposited, with an amorphous zirconium silicate interfacial layer. The effects of postdeposition annealing were also demon-
strated. After proper annealing treatments, promising capacitance-voltage and current-voltage characteristics were achieved. A film
with an equivalent oxide thickness of 2.3 nm showed current reductions of approximately two orders of magnitude when compared
to SiG,, but some improvements are required if these films are to be used as a gate-insulator beyond the 100 nm CMOS
(complementary metal oxide semicondugtichnology node.
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As the dimensions of complementary metal oxide semiconductor In order to combine the advantages of alkoxides and
(CMOS) devices are scaled in the deep submicrometer regime, th@-diketonates, the mixed ligand zirconium precursor was developed
thickness of the required gate dielectric will steadily decrease toto lower the thermal stability but with the higher ambient stability
dimensions<1 nm! For Si0,, however, the large resulting direct and higher volatility. This paper reports the first investigation of the
tunneling currents result in large power consumption and reduceghysical and electrical properties of ultrathin Zr@ims deposited
reliability.>® With higher dielectric constank, the gate insulator  using molecular oxygen and a recently developed six-coordinate
thickness can increase, while maintaining the equivalent oxidemixed alkoxide/B-diketonate compound,(@t-Pr),(thd), (O'-Pr is
thickness(EOT), significantly reducing the tunneling leakage cur- isopropoxide and thd is 2,2,6,6-tetramethyl-3,5-heptanediptfate
rent. Recently, highk materials predicted to be thermodynamically introduced into the chamber with a liquid injection system. The
stable with St such as ZrQ, HfO,, La,0s, Al,O;, and their sili-  films were analyzed by high-resolution transmission electron mi-
cates, have been considered as candidates for alternative ga@oscopy(HRTEM) and X-ray photoelectron spectroscop¥Ps).
dielectrics® ZrO, has a high dielectric constafit25), high bandgap ~ Pure, stoichiometric Zr@films were deposited and the effects of
energy(5.8-7.8 eV)>8and thermal compatibility with contemporary ~postdeposition annealing investigated. Low leakage current density
CMOS processes? vs. voltage (J-V) characteristics and capacitance-volta@e-V)

Although electron-beam evaporation or sputtering are usefulcharacteristics with small hysteresis are demonstrated.
techniques for depositing new materials for evaluation, they can
damage electrical devices, have difficulties with uniformity and pu- Experimental
rity, and are hard to maintain in prod_qction, _resulting in low Si(100) substrates, 100 mm diam, n-tyfe = 0.02-0.06Q cm)
throughput. Thus, chemical vapor depositi@VD) is usually pre-  \yere given an HF-last RCA clean prior to film deposition. The CVD
ferred and, in this paper, organometallic C\(MO%VD) was used  chamber was equipped with a 360 L/s turbomolecular pump and a
to deposit ZrQ. Since zirconium chloridé¢ZrCl,)™" and alkoxide |iquid injection system(LDS-300B produced by ATMI The latter
[Zr(0*-Bu), and Zr(C-Pr),]****?precursors contain an unsaturated consisted of a liquid pump to pump the precursor, a 0.15 M solution
four coordinate ZV center, they are air and moisture sensitive. For of Zr(O'-Pr),(thd), in octane, through a hot glass frit at a rate of 0.2
zirconium B-diketonatege.g., Zr(acac), Zr(thd),, and Zr(tfac)], mL/min. The vapors were carried with a 50 sccm flow of Ar to a gas
the chelating ligandB-diketonate)can increase the coordination distribution ring 10 cm from the substrate. The glass frit, the com-
number of ZV center to eight to achieve the coordination satura- ponents of the vaporizer, the gas ring, and the connecting tube were
tion. Although it makes the Zr coordination compound less ambientmaintained at a temperature of 190°C with heating tapes and blan-
sensitive, the compound has higher thermal stability, requiringkets, while the substrate temperature was controlled in the range
higher deposition temperatures, and films exhibit severe carbon 0890-550°C with quartz-halogen lamps and a thermocouple. Oxygen
fluorine contamination®® Thus, a mature MOCVD process re- was introduced into the chamber at flow rates of 0-150 sccm through
quires precursors, stable upon exposure to atmosphere with higher separate gas distribution ring 30 cm from the substrate. Just prior
vapor pressure, to replace the chloride or alkoxide precursors usuo deposition the wafers were heated for 10 min at 500°C in 10
ally employed. Most recently, the anhydrous zirconium nitrate mTorr O, to replace the surface hydrogen termination with oxygen.
Zr(NOs), was also investigated for gate dielectrtés.’ Films were analyzed by X-ray photoelectron spectrosd®{BS)

using a PHI 5500 system with a monochromatic Al K-ray source

in a standard 90° geomet(¥X-ray source and electron spectrometer
* Electrochemical Society Active Member. 45° off normal)and a bandpass energy of 58.7 eV. Depth profiling
2 E-mail: hwchen.ee86g@nctu.edu.tw was accomplished with intermittent Ar sputtering at 1 keV, 50
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Figure 1. The deposition rates. oxygen flow for films deposited in con- 1/T (K'1)

tinuous mode at-®-) 500 and(-M-) 650°C. The precursor was injected at

0.05 mL/min with 50 sccm Ar. Figure 3. Logarithmic plot of the deposition rates. inverse temperature.

The activation energy determined from the slope is 1.27 eV.

nA, and 45° incidence. Thick films were typically stoichiometric

ZrO, when analyzed by Rutherford backscattering. These were useglme from the known optical constants for Si and assuming the film
to calibrate the sensitivity factors for the XPS analysis of thinneras yniform, nonabsorbing, and had a refractive index of 2. This
films using the Zr 3d and O 1s peaks. The peak positions wergesyits in an approximate thickness measurement that must be cali-
referenced to the main surface carbon peak at 284.8 eV. brated byex situanalysis.

Since the liquid pump was not sufficiently stable at flow rates  Atomic force microscopyAFM) measurements were made on
below 0.2 mL/min, to reduce deposition rates and further reduce thghe as-deposited and annealed samples using a Digital Instruments
carbon contamination, most depositions were done in “pulse mode Nanoscope Il operating in tapping mode with 5 nm diam silicon
in which the precursor and oxygen were introduced separately withyohes. Cross-sectional samples were made using a low-angle ion-
intervening pumping periods of 15 s. Nitrogen at a flow rate of 100 yjjjing technique. The structure of the films and the effect of an-
sccm was introduced into the oxygen gas ring and flowed during theyealing was observed directly in HRTEM micrographs made on a
complete deposition cycle. Thus, each cycle of deposition consstethi“ps EM-430T instrument operating at 250 keV.
of four stages: 100 sccm N 150 sccm @ + 100 sccm N, 100 Samples were annealed in a Heatpulse @lt@ag RTP Systems)
sccm N, and 50 sccm Art- 100 sccm M + Zr precursor(0.2 m  rapid thermal processor. For spike anneals in e temperature
L/min). Pressures at various stages of the deposition cycle were ifyas ramped at 125°C/s to 800, 850, 900, or 950°C and held for 1 s
the 8-12 mTorr range. S _ before the quartz lamps were turned off. Forming gas anneals

_The deposmons_ were monitorad situ with a Rudolph_llooo _ (FGAs) were done in a 4% Hin N, mixture for 10-30 min in the
ellipsometer operating at a wavelength of 633 nm. The e”'Psometr'Ctemperature range 380-600°C.
angles were used to calculate the deposited film thickness in real- For the electrical measurements, Al-gated capacitors were made

by evaporating aluminum through a shadow mask and back contacts
were made with In-Ga eutectic. The FGAs were done before metal

1.0 r r T deposition to avoid reaction of the Al with the films. The area of the
capacitors was measured to an accuracy-aPo with a calibrated
digitizing camera. Electrical measurements were made by probing

08 kL the Al gates in a probe-station attached to two instruments, a multi-

frequency LCR metefHP model 4275A)for C-V characteristics,
and a picoammeter/dc voltage sou(e¥ model 4140Bfor current-

O2 voltage characteristics. High-frequency C-V measurements were
made by stepping with 0.1 V steps each second, first freb to
+2.5V and then in the reverse direction to look for hysteresis. The
equivalent oxide thickness EOT was obtained from the 100 kHz
C-V characteristics by using the NCSU C-V fitting routitfayhich
includes quantum effects in the channel.

| 8m Torr
—2Zr(0-Pr(thd),~|

12m Torr

-

Thickness (nm)

Results and Discussion

Physical characteristics—Initial films were deposited in the
continuous mode in which the oxygen and precursor were intro-
duced simultaneously. Figure 1 shows the deposition rate as a func-
tion of oxygen flow rate for depositions at 500 and 650°C using a
continuous flow of precursor of 0.05 mL/min. The deposition rate is
insensitive to molecular oxygen flow at 500°C; however, turning off
Figure 2. Film thickness as a function of time obtained from tihesitu the oxygen does significantly reduce the deposition rate at both tem-
ellipsometer during one cycle of deposition for substrate temperatures 470peratures. With an oxygen flow of 100 sccm the deposition rate was
510, and 550°C. proportional to precursor flow rate over the range of 0.05-0.20 mL/

50 I
Time (s)
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Figure 4. XPS spectra showing date®-) and(---) fitted peaks for the Zr®
film deposited with 75 cycles at 390°C) C 1s (surface)b) O 1s (surface),
and(c) O 1s (after two cycles of sputteringrhe solid lines are a guide to the

eye in(a) and represent the sum of the fitted peakshpand(c).
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Figure 5. More XPS spectra for the film of Fig. 4a) Zr 3d peak, andb) Si
2p peak. In(b) the peak near 103 eV shifted 3.3 eV from the substrate peak

is associated with a silicate layer at the Si interface. The solid curves are a
guide to the eye.

Carbon concentrations tended to be lower for the lowest pump
rates, but subsequent depositions were done at 0.20 mL/min to avoid
periodic instabilities in the pumping rate caused by back-pressure
instabilities in the liquid injection pump at the lower speeds. To
reduce carbon contamination, subsequent depositions were done in
the pulse mode.

For our flow parameters, the film thickness depends on the num-
ber of deposition cycles, substrate temperaturg jnection time,
and precursor injection time during pulse-mode deposition. In the
range of temperature and pressure investigated here no saturation of
the precursor absorption was notéd,, the film deposition rate did
not saturate as the precursor injection time was increased. Further-
more, when the oxygen was turned off the deposition rate did not
decrease significantly in the pulse mode. This indicates that atomic
layer depositionALD) was not occurring, possibly because back-

min. Depth profiles of the C 1s peaks showed that the films deposground oxygen from the process was sufficient to effect the oxida-
ited in the continuous mode were contaminated with carbon, withtion. Since the Zr is coordinated to six oxygens in the precursor, it is
the smallest contamination in the 1-2 atom % range, which is con-also possible that an oxidant is not necessary to form,Zi@ow-

sistent with the value reported in Ref. 12 at the lower temperatureever, without oxygen the carbon in the films was significant, so films

where the deposition rates were lowest.

were typically deposited with an oxygen injection time of 18 s and
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Figure 6. AFM image for the film of Fig. 4. The rms surface roughness is
4.4 A

a precursor injection time of 43 s. With this “pulse mode” depo-
sition, O, can react with the film and reduce the carbon in the film
effectively.
The thickness output by tha situ ellipsometer during one cycle
is shown in Fig. 2 for substrate temperatures of 470, 510, and
550°C. The film thickness increases during the precursor injection
but seems to decrease during oxygen flow. The latter decrease i
recovered during the subsequent pump-ddperiod with nitrogen
flow only) and may be associated with adsorption and desorption of
oxygen on the surface. A plot of the log of the average deposition
rate as a function of inverse temperature is shown in Fig. 3. The
activation energy determined from the slope of the fit to the data in™
the range 390-550°C is 1.27 eV. Y
In Fig. 4, the XPS C 1ssurface), O 1s (surface), and O 1s (after ="+
two cycles of sputteringspectra for the ZrQfilm deposited with 75,
cycles at 390°C are shown. The C 1s spectrum of Fig. 4a revealy
carbon peaks at binding energies of 284.8 and 288.5 eV, correspond
ing to C-C and C-O bonds, respectively. No lower binding energy
peak characteristic of the Zr-C bond was found. After two cycles of
sputtering these peaks disappeared in the films deposited at 390 ar
470°C, indicating that the carbon concentrations in these films werej
less than the detection limit of our instrumeng., <0.1 atom %. '
Guittetet al® found the binding energy,, for the O 1s peak o _ _
to be E, = 530.0 eV for ZrQ and E, = 531.3 eV for ZrSiQ. Flgure_ 7. HRTEM cr_oss-sectlonal |ma°ges of th_e film of Fig. &) as-
These energies are close to the fitted components of the O 1s spectgggooé't]?d(% after spike anneal at 850°C for 1 s in, @llowed by FGA at
shown in both Fig. 4b and c. In Fig. 4b, the O 1s spectrum of the or 0 -min.
as-deposited film has a component peak at the binding energy of
531.4 eV. Because the O 1s binding energies of the Zr silicate,
hydroxide, and carbonate are in the same rangs the higher en-  reported in Ref. 20. Figure 5b shows the Si 2p spectrum of the same
ergy peak, some of this peak in Fig. 4b is due to the H-O and C-Osample shown in Fig. 5a. The peak near the binding energyloB
bonds from remnant precursor and from water vapor adsorbed dufey js 3.3 eV from the Si substrate peak, a chemical shift smaller
ing transfer to the XPS system. After two_cycles of_sput_ter?ng, the Othan the>4 eV shift observed for 1.8 nm thick Si@ilms 22 This is
1s spectrum, shown in Fig. 4c, has a main peak with binding energy:naracteristic of a silicate layer consistent with the TEM image and
of 530.7 eV, close to that expected for ZrOThe higher energy  c.v data shown later. In addition, the residual carbon contamination
peak appearing in Fig. 4b is diminished because there is no watefor this film is less than the detection limit. The root mean square
vapor and the residual carbon in the film<4®.1 atom %. Its bind-  (rms) surface roughness obtained from the AFM image of the same
ing energy of 531.3 eV is associated with the Zr-O-Si bonds in thefiim (shown in Fig. 6)is 4.4 A.
interfacial layer. In Fig. 7a and b, an amorphous interfacial layer is evident
Figure 5a shows the Zr 3d spectrum of the same il de-  petween the substrate and the polycrystalline Zi@yer in the
posited with 75 cycles at 390°C. No evidence of Zr-Si bond forma- HRTEM image of the film. This layer is identified as the silicate
tion is observed from Fig. 5a. The binding energy differeBgg¢O layer responsible for the Si 2p feature in the XPS spectrum. The
1s)-E, (Zr 3ds;») = 348.4 eV is close to the value of 348.1 eV interface between silicate and Si is atomically sharp. After spike
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Figure 8. High-frequency C-V characteristics of capacitors with Zrgate
dielectrics obtained at 100 kHz. The samples were spike annealddsfn

O, at 850°C first, then annealed in forming gas at 380°C for 10-30 min:
(-%-) no anneals(-V¥-) spike anneal only-®-) 10 min FGA, (-A-) 20 min
FGA, and(-H-) 30 min FGA.

£
£
[
anneal in @ at 850°C and FGA, the thickness of the silicate layer 8
was increased by 2 A, as shown in Fig. 7b. This is due to oxygen
penetration to the Si substrate since Zri® a fast ion conductor
with significant oxygen ion diffusivity. The most likely mechanism
for silicate formation is that the oxygen reacted with the Si substrate
to grow SiQ, and SiQ reacted with ZrQ to form Zr silicate. Films
were grown without injecting oxygen and, as stated previously, this
did not significantly reduce the film deposition rate. It also did not
reduce the thickness of the interfacial silicate layer, further indica-
tion that oxygen released from the precursor is available for surface
reactions.

Electrical characteristics—Electrical analysis was performed on
the ZrQ, film formed with 75 deposition cycles at 390°C. The 100
kHz C-V characteristics of ZrQfilms deposited are shown in Fig. 8
for different annealing treatments. For the as-deposited sample
there is a significant hump in the C-V curve in accumulation, a =~
flatband voltage/g = —0.06 V (scan from inversion to accumula-
tion), corresponding to a large negative fixed charge deridlty
= —1.1 X 10*%/cn?), and a significant clockwise hysteresis given
by AVrg ~ 0.21 V. The hysteresis is associated with an effective
density of trapped charge at the interfacdN,= —1.7
X 10*%/cn?, attributed to charge trapping or detrapping. It is be-
lieved that the appearance of the hump is du@facenters at the
interface?® For the sample spike annealed fos in O, at 850°C, the
flatband voltage shifts to-0.76 V (N; = 6.0 X 10'%cn?), the hys-
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teresis becomes smaller, but the hump still exists. Thusuteal-

ing reduces the charge trapping-detrappifi@ AN, ~ —1.6

x 10*Ycm?) but does not passivate tig, centers effectively.
The samples annealed in forming gas at 380°C were first spikerigure 9. The variation of EOT and gate current dengilyas a function of

annealed at 850°C fdl s in O,. For these samples tH®, centers postdeposition annealing treatmerits.1 s spike anneal in Oat 850°C from

are passivated. For the 20 min FGAN, is reduced to 5.0< 108y 800 to 950°C,(b) FGOA from 380 to 600°C forolO min, ang@) s_p|ke anneal

cm?. For the 30 min FGA the flatband voltage shifts toward the ideal ©©" 1 S in ©; at 850°C first, then FGA at 380°C for 10-30 mia®-) EOT,

flatband voltage(for this sample, ideaVgg = Wy~ —0.2 V, and(-A-) Jfor Vg-Veg = 1 V.

whereW,, is the work function differenge®* The fixed charge den-

sity is reduced to 2.6 10Ycr?. This may be due to the introduc-

tion of negative fixed charge or the annealing of the positive fixed Figure 9 shows the variation of the EOT and the gate current

charge. However, the hysteresis is increased Afd; = —5.5 density, J, after different postdeposition annealing treatments. The

x 10%%cn?, so there appears to be a trade-off between trapped anstalue ofJ was obtained at a value of gate voltayg;, for which

fixed charge. Vg-Veg = 1 V. The EOT of the as-deposited Zy@Im is 27 A, so

Forming Gas Annealing Time (380°C)
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1400 |- variation in EOT, and this may again be related to hydrogen effects

I ..llllllllllllllll on the grain boundaries.
1200 | o - Figure 10 shows the 10 kHz and 100 kHz C-V curves of the
L { ZrO, capacitor treated with spike annealing at 850°C ¥cs in G
1000 i followed by FGA at 380°C for 20 min. The area of the capacitor is
I ] 6.6 X 10™* cn?. From the 100 kHz C-V curve, the EOT is 22.7 A
800 | i with the quantum effects correction. The effective dielectric constant
of the whole dielectric layer is-9.3, which is lower than that of
ZrO, because the equivalent oxide capacitance is dominated by the
capacitance of the silicate layer. In addition, there is only slight
frequency dispersion in the C-V curves, mainly below midgap. This
indicates that frequency-dependent interface states are passivated
during the annealing. The interface state density is estimated to be
— . 5.0 X 10 cm2 eV ! by the method described in Ref. 25, which
1 compares the 10 kHz and ideal C-V characteristics.
0 L : L : 1 : L ‘ ! As shown in Fig. 11, the J-V curve for the sample in Fig. 10 is
-2 -1 Vig 0 1 2 asymmetric. The leakage characteristics were measured under light
Gate Bias (V) illumination to avoid the minority carrier generation current limiting
the leakage current at inversion. The leakage current densities are
Figure 10. Frequency dependence of the C-V characteristics of the film of 6 X 10 4 A/lcm? at 1 V (substrate injectionand 4.7x 10 % Alcm?
Fig. 4 which has an EOT of 2.27 nm after spike anneal at 850°G,ifoO1 at —1 V (gate injection), respectively. For a pure $ifim with a
s and FGA at 380°C for 20 min-H-) 10 and(-@-) 100 kHz. A slight ~ EQT 22.7 A, the leakage current density is about two orders of
frequency dispersion is evident below midgap. The hyster@sigs ~ 6 magnitude larger for a gate potentM} = Veg + 1 V.3 However,
mV) is not shown. the leakage is larger than expected from tunneling and does not fit
the equations for Frenkel-Poole emission or Schottky emigSion.
This might be due to the difference of the barrier heights under
. . . different voltage polarity or might be due to a peaked distribution of
e'th?f spl_ke an_neal or FGA can make the EOTs _Iower,_ the ef- traps in the dielectric that favors trap-assisted tunneling for substrate
fective dielectric constant of the whole gate dielectric becomesinjection.” Further investigation of the leakage mechanism is nec-

higher. As shown in Fig. 9a, the EOT is without significant change at ina the fil £ h HRTEM
800-850°C and increases at 900-950°C. The increase of EOT at thgﬁzagé’\t/)lu;rz(e;ﬂlleCIirrlgptm?’el ?e?%rr::;engc;lljg ness observed by

highest spike annealing temperatures is associated with the oxygen
penetration to the Si substrate, which increases the interfacial layer
thickness as mentioned above. The accompanying reduction of the
leakage current is due to the larger physical thickness and the im- Ultrathin stoichiometric, carbon-free Zs@ilms can be deposited
proved robustness of the ZyGilms. However, the samples only on Si(100)using the novel precursor &'-Pr),(thd), dissolved in
treated with FGA are quite different, as shown in Fig. 9b. The leak-octane. @ introduced into the chamber is necessary to reduce the
age current increases with the FGA temperature, and the EOT showsarbon contamination. In XPS data, no evidence of Zr-C and Zr-Si
a tendency to decline. The increasing leakage current might be rebonds were found. Meanwhile, XPS and HRTEM analysis shows
lated to the leaky path via the Zg@olycrystalline grain boundaries that a Zr silicate layer is formed at the interface during deposition.
created by forming gas. In Fig. 9c, the EOT is essentially unchangedhilthough the silicate layer reduces the effective dielectric constant
after FGAs for 10-30 min, and the changes may be due entirely toof the gate dielectrics, it may provide a better and more stable in-
variations in film thickness over the wafer. However, the increase interface with Si, reducing the interface state density. It could also
improve the carrier mobility in the channel of a MOSFEMetal
oxide semiconductor field effect transistby providing a smoother
interface in direct contact with the Si substrate. However, the thick-

T " T " T " T " T i leakage current for the 30 min FGA is larger than expected from the
|

600 }+ -

400 | 4

Capacitance (nf/cm®)

200

Conclusions

10 ness of this silicate layer must be reduced to meet future CMOS
technology requirements.
1 4 The continuous-mode deposition data of Fig. 1 indicate that
01 deposition rates do decrease when the oxygen is turned off, and this
indicates that there may be a regime where growth saturates if the
0.01 layers are not fully oxidized. Thus, ALD may be possible with this
-~ 1E-3 precursor if the pumping system were changed to allow higher pres-
NE e sures during the gas pulses with shorter pumping cycles character-
o | istic of classical ALD. This might also result in thinner silicate lay-
3 1E-5 | ers since the total exposure of the silicon surface to oxygen might be
= eef reduced.
The thin ZrG films exhibit good C-V and J-V characteristics.
1E7 After proper annealing treatments, an EOT of 22.7 A was achieved
18 L with a leakage current about two orders of magnitude lower than
that of SiQ with the same EOT. Th&,, centers in the Zr@films
1E9 ] were effectively passivated by FGA. The slight remnant frequency
1E-10 L L . ) . 1 . 1 . 1 1 dispersion below midgap might be reduced if a proper FGA were
-2 -1 0 1 2 performed after, rather than before, gate electrode definition. These
Gate Bias (V) electrical properties demonstrate that thin Zrfims formed by

Zr(O'-Pr),(thd), and G, might be a promising gate dielectric mate-
Figure 11. Current density as a function of gate voltage for the sample in rial for deep-submicrometer CMOS devices if the roughness of the
Fig. 10. layers and the thickness of the interfacial layer can be reduced. In
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addition, it might be plausible to apply the thin Zr@ms in flash 5.

memory as the gate dielectric over the floatlng gate to 'ncrease7: W.-J. Qi, R. Nieh, B. H. Lee, L. Kang, Y. Jeon, K. Onishi, T. Ngai, S. Banerjee, and

the coupling ratio. However, further investigations of its reliability

are indispensable before using this Zr@m process in CMOS 8.

technology.
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