Journal of The Electrochemical Socigts1 (2) F17-F21(2004) F17
0013-4651/2004/152)/F17/5/$7.00 © The Electrochemical Society, Inc.

Improved Characteristics of Ultrathin CeO, by Using
Postnitridation Annealing
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This work demonstrates the improved characteristics of an ultrathin, Getctric by using the post-)D plasma treatment with
additional rapid thermal Nannealing. The CefQafter the treatment exhibits superior characteristics such as a small effective
oxide thicknesg~2.25 nm), a low leakage current (54 10~4 A/lcm?), a high breakdown electric field-24 MV/cm), a long
projected 10 yr lifetimg—12 MV/cm), a small capacitance-voltage hysteré&s mV), and a high barrier height for Frenkel-

Poole emission{0.55 eV). These good properties are attributed to the nitrogen incorporation into the dielectric to eliminate the
traps after annealing. The postnitridation annealing appears to be a very useful treatment for future ultrathin metal-oxide gate
dielectrics.
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Recently, many high-dielectric-constafttigh-k) materials like of treatments and the key processes. The reason for preparing so
Al,Os, ZrO,, and HfG® have been widely studied to replace the many splits of samples is for comparative study. Then a TaN film of
silicon dioxide due to the inevitability of its high leakage as the 25 nm was deposited on each sample by use of a sputter, and a 500
thickness scales down. The good candidate gate dielectrics for them Al film was deposited on the TaN film by use of a thermal coater.
next-generation deep submicrometer metal-oxide-semiconductoAfter that, the gate of the capacitor of an area of 7.85
field-effect-transistot MOSFET)should be ones with a high dielec- x 10°° cn? was defined lithographically. Finally, a 500 nm Al film
tric constant, a low interface state density, and a good thermal stawas also deposited on the back side of the wafer to form the ohmic
bility. Cerium dioxide (Ce@), which has been extensively re- contact. The effective oxide thickne€SOT) was estimated by the
searched for its use as a buffer layer for ¥Ba;O7_,) (YBCO) on high-frequency0.1 MHz) capacitance’s. gate voltageC-V) curve
sapphire! a buried insulator for silicon-on-insulatdiSOIY® and in the strong accumulation region without considering quantum me-
PbZrTiCeQ (PZT) ceramic$ has lately been used and researched chanical effects. The physical thickness was checked by high-
as the gate dielectric materiaf. Many superior properties of cerium resolution transmission electron microscofyRTEM). The elec-
dioxide, such as a sufficiently high dielectric constan®6), a lat-  tronic spectrum-scope for the chemical analy&SCA) spectra of
tice constant nearly matched to that of silicam £ 0.5411nm), these samples were measured using a PHI 1600 spectrometer. More-
and a high thermal stability on silicon, makes it a promising candi- OVer, the electrical properties were measured by using an HP 41568
date for this application. However, there are also some undesirabl&emiconductor parameter analyzer and an HP4284A precision LCR
properties of cerium dielectrics, such as high hystere®imaking it meter.

a material necessary for research for the application. The rapid ther- ) )

mal annealingRTA) process at various temperatures in various am- Results and Discussion

bients has been generally used to improve the electrical characteris- Figure 1 plots the change of EOKEOT, vs.the postannealing

tics of high-kdielectrics'®** Also, it was widely reported that the  temperature of the cerium dielectrics for the FA, SNFA, and
plasma nitridation process has been found to improve the characteby 1 RrTA treatment, respectively. From the figure it can be seen
istics of dielectrics and thin-film transistolr%.l_S In this study, these  that the FA treatment increases EOT, but the presurface treatment in
two processes are investigated to be applied to cerium dielectricyH, (SN) helps to retard this phenomenon. However, the PN
and improved characteristics, especially on the hysteresis, are obr RTA samples not only exhibit the best thermal stability but also
served. This makes CeG promising candidate to be used as the reduce EOT of the dielectrics. Figure 2 shows the negative current-

gate dielectric for deep submicrometer MOSFETSs. density vs. gate voltage (3-V) characteristics of As, FA4, SN
+ FA6, PN, and PN+ RTA8 samples, where As, FA4, SN
Experimental + FA6, and PN+ RTA8 represent that the samples were as-

deposited, annealed at 400, 600, and 800°C, respectively, and PN

For the experiment, Al/TaN/Ce@p-Si capacitors were fabri- indicates that the sample was®! plasma treated in HDP. It can be

cated on 4 in. p-typ€100)-oriented Si wafers. All samples were first
cleaned by a standard RCA clean, then depdsit® nm Ce@ film
by electron-beam evaporation. Before this deposition, some samples

were treated in an NHambient at 700°C for 5 min in a low- Table I. Splits of samples of different treatments for comparative
pressure chemical vapor depositioflPCVD) system. These study.

samples were termed as the surface nitridation pretreat(

samples. Then samples were furnace annealed in,aanibient at Sample FA SN+FA PN PN +RTA
400-800°C for 15 min. This process is then termed the FA process. NH. 700°C

For the samples which were not SN treated, some of them were  preireatment S min

applied by an NO plasma at 20 W for 5 min in a high-density in LPCVD

plasma(HDP) system(these samples are termed as PN samples N.0 20W
and some of them were rapid thermal annealed jratN400-800°C ) N 15 mi O 20W il
for 1 min (these samples are termed as RTA sampldsnce, four postireatment 409 8000 405-300°C s min S
groups of samples, namely, FA, SNFA, PN, and PN+ RTA in furnace in furnace in HDP N;30s
samples, were prepared. They are compiled in Table | with the steps 4‘}‘,’,’,:3',’,(:

Key
process
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Figure 1. Plots of the increase of EO[® EOT) vs.the postannealing tem-
perature of Ce@with FA, SN + FA, and PN+ RTA treatments. The PN
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+ RTA samples exhibit the best thermal stability.

seen that SN, postnitridatioPN), and annealindFA and RTA)
processes improve th&V characteristics as compared to the as-
deposited characteristics, while the SNFA6 sample has the most
improvement and the PN RTA8 sample has the highest break-
down voltage. Figure 3 shows the high-frequency C-V characteris-
tics of (a) FA4 and SN+ FA6 samples, andb) PN and PN

+ RTA8 samples, respectively, where the C-V characteristics were
measured by sweeping the gate voltage from accumulation to inver-
sion and then sweeping back8.0V — +1.0V— —3.0V). No
characteristics of the As sample are shown because the sample was
so leaky that its C-V curve could not be measured. Figure 3a reveals
that the SN+ FA6 sample(dashed line)exhibits a hysteresis of
about 220 mV, which is much larger than that of the FA4 sample

10°

10° |

Figure 2. Plots of negative current densits. gate voltage (3-V) charac-
teristics of As, FA4, SN+ FAG6, PN, and PN+ RTA8 samples, respectively.
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Figure 3. Plots of high-frequency capacitanes. gate voltaggC-V) char-
acteristics of (a) FA4 and SN+ FA6 samples, andb) PN and PN

+ RTA8 samples, respectively. All C-V curves were measured by sweeping
the voltage from accumulation to inversion and then sweeping back
(-3.0V— +1.0V— 3.0V) again.

(solid line). In Fig. 3b it is seen that the PN sample has the highest
EOT and the largest hysteresis, and the PNRTA8 sample has the
least hysteresis, only 25 mV.

Figure 4 shows the cross-sectional HRTEM imagegajfas-
deposited,(b) FA4, (c) SN + FAG6, (d) PN, and(e) PN + RTA8
samples. For all the samples, the deposited L& on each
sample varies somewhat, although the film was deposited at the
same time. This means that the pretreatment and post-treatment on
the surface and the deposited film do affect the deposited film.
Among all the samples, it seems that the PNRTA8 samples has
the least Ce@thickness. Particularly, when comparing tft PN
sample with the(e) PN + RTA8 sample, we find that there is an
approximately 10% reduction in Ce@hickness, meaning that the
RTA at 800°C densifies the film in reducing its thickness. Also there
is an interfacial layer between the deposited €én and the Si
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Figure 4. The cross-sectional HRTEM images (@) as-deposited(b) FA,

(c) SN+ FA, (d) PN, and(e) PN + RTA samples, respectively.
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Figure 5. The chemical analysi$ESCA) spectra of the N 1s electronic
spectra of FA4, SN+ FA6, PN, and PN+ RTA8 samples, respectively,

where the N 1s peak is at 39749 0.2 eV.
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Figure 6. The Weibull plots of(a) the breakdown electric field arth) the
leakage current density at the gate voltage equalipg — 1V for FA4,
SN + FAB6, PN, and PN+ RTA8 samples, respectively.

substrate for all samples and this layer is thought to be, SIO
silicate’® For the SN+ FA6 and PN+ RTA8 samples, this layer

is oxynitride, because SN and PN processes offer nitrogen species
into the dielectrics. Furthermore, for the PNRTA8 sample, the
following 800°C RTA further activated bondings between oxygen
and silicon in the interface, making this layer a more defect-free and
nonstoichiometry oxide. This, in conjunction with the more densi-
fied CeQ mentioned previously, makes the film have better im-

proved electrical characteristié&!’ which are shown later. For the
PN + RTA8 sample, the composite thickness of the Ce&@dd in-
terfacial layer is estimated to be 5.5 nm and the effective dielectric
constant of the composite dielectrics is nearly 9.53, which can be
derived from the electrical thickness of 2.25 nm, obtained from the
high-frequency C-V characteristics shown in Fig. 3. Also, the inter-
facial layer of the FA4 sampléFig. 4b) was the largest, approxi-
mately 2.5 nm, among all the samples, due to the residual oxygen in
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Figure 7. TDDB lifetime projection for FA4, SN+ FA6, PN, and PN
+ RTA8 samples, respectively. The projected lifetime operation of about
—12 MV/cm is observed for the PN+ RTA8 sample.

Figure 9. Arrhenius plots of gate current density at different electric fields
for SN + FA6 and PN+ RTA8 samples. The measurement temperature
ranges from 300 to 380 K.

the furnace during a long time annealing. However, for this sample,pg implies that the post40 plasma and additional RTA at 800°C,

the effective dielectric constant derived is 11.7, which is larger thanin addition to densifying the structure of Ce@nd oxynitride, may

that of the PN+ RTA8 sample. Bgsides, all the processes, SN, PN’aIso evaporate nitrogen atoms somewhat from the, Gié® and the
and PN+ RTA, where nitrogen is involved have some effect in jqiarface.

suppressing this interfacial lay¥.This fact can be further sup- Figure 6 shows the Weibull plots @) the breakdown electric

ported by the data in Fig. 5 where the N 1s ESCA spectra of these. :
samples are shown. A take-off angle of 90° was used to measure tﬁéeld and(b) the leakage current density at the gate voltag¥qf

ESCA spectra. In Fig. 5, for all samples, except the FA4, the distinct . |1V fc;]r FAﬁ, SN+ .FA.6’ TN’ and PNt RTA8 samples, respec-

N 1s peak at 397.& 0.2 eV can be observed. It is seen that the SN tively. The ¢ ara(_:terlstlcs or SN FAB, PN, and PN+ RTA8

and PN processes can introduce nitrogen atoms into the dielectric:§,."’1mples are all improved. Among _these plots, the PIRTAS

Furthermore, the N 1s peak still exists even after 800°C annealing.Sample shows a breakdO\_Nn electric field up to Qearly 25 MV/cm and
a leakage current density lower than %410 % Alcm? at Vg

= Vg — 1 V. This is lower than the value of X 103 A/cm? of

International Technology Roadmap for Semiconduc¢tdRS) pro-
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Figure 8. F-P plots of current densitys. oxide electric field at five mea-  Figure 10. Graphical extrapolation of the F-P barrier height from the depen-
surement temperatures for SN FA6 and PN+ RTA8 samples. Linear fit- dence of the effective activation ener@s = o[ dbg-(qE/me)?], on the
ting and strong temperature dependence imply F-P emission, giveh by square root of the electric field. The barrier heights of SNFA6 and PN

= Eo X exp{—q[dg — (qEoy/me ) ?)/kT}. + RTA8 samples are 0.43 and 0.55 eV, respectively.
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Table 1l. Summaries of the characteristics for FA4, SN+ FA6, PN, and PN+ RTA8 samples. The PN+ RTA8 sample exhibits superior
properties in EOT, leakage current, breakdown electric field, projected 10 yr lifetime, hysteresis, and barrier height.

EOT Epg —J@Vy = Veg-lV Exoy AVgg (MV) qdg
(nm) (MV/cm) (Alcm?) (MV/cm) (Hysteresis) (eV)
FA4 2.33 —18.24 4.6x% 1072 -6.5 80 0.32
SN + FA6 2.34 —-19.87 1.1x 1074 -9.3 220 0.42
PN 2.5 -19 7.13x 107* -9.9 240 0.5
PN + RTAS 2.25 —24.67 5.4x 107* -12 25 0.55
jection and is much lower than 0.1 A/érfor pure SiQ with similar Acknowledgments

EOT!%° These improvements are believed to be attributed to the  The authors thank the National Science Council of the Republic
nitrogen incorporation by the JO plasma and the consequent RTA of China, Taiwan, for financially supporting this research under con-
that improves the dielectrics. On the plots, it can also be observegract no. NSC92-2215-E009-022. The National Nano Device Labo-

that the SN+ FA6 samples have a higher breakdown electric field ratory, R.0.C., is also appreciated for their technical assistance.

and a lower leakage current density than those of the FA4 samples.
This is also believed to be due to the introduction of nitrogen atoms

National Chiao-Tung University assisted in meeting the publication costs

in CeQ, and the interfacial layer. Figure 7 shows the time-dependent®’ 'S article.

dielectric breakdowrfTDDB) lifetime projection for these samples.
In the figure, similarly, we can see large increment in the projected
electric field for the 10 yr lifetime when comparing the SN
+ FA6 sample with the FA4 sample, and a electric field of approxi- 2.
mately —12 MV/cm for the 10 yr lifetime operation for the PN
+ RTA8 sample.

Figure 8 show the Frenkel-Pool€-P) plots of current density
vs.the oxide electric field for SN+ FA6 and PN+ RTA8 samples
at the measurement temperature ranging from 300 to 380 K. The4.
linear lines suggest that the carrier transport mechanism for these®
samples is the F-P mechaniémFigure 9 presents the Arrhenius
plots for the samples of Fig. 8 for currents at several electric fields.
The thermally activated behavior further supports that the carrier 7.
transport is F-P emission. The effective barrier heights, derived
for these two samples are shown in Fig. 10 to be 0.43 and 0.55 ev®
for SN+ FA6 and PN+ RTAS8, respectively? This implies that
nitrogen in CeQ introduced by the post-)O plasma can effectively  10.
increase the barrier height for carrier transport under the F-P emisi
sion.

Table Il summarizes the characteristics of FA4, $NFA6, PN,
and PN+ RTA8 samples. The PN- RTA8 sample exhibits all the
superior characteristics in EOT, leakage current, breakdown electric
field, projected 10 yr lifetime, hysteresis, and barrier height.

3.

1.

12.

13.

Conclusions
14,

In conclusion, Ce®, when considered to be used as the gate
dielectrics, can exhibit electrical characteristics which meet the deep>-
submicrometer very large-scale integrated requirements, as it is ap;,
plied by a post-NO plasma treatment followed by an RTA at 800°C.
For the CeQ dielectrics, superior characteristics in EQZT25 nm),
leakage current density (54 10 % Alcm?), breakdown electric
field (—24 MV/cm), projected 10 yr lifetimé—12 MV/cm), hyster-
esis(25 mV), and barrier heigh0.55 eV)are obtained. The reasons 19
for these achieved characteristics are believed to be due to the ngo.
trogen incorporation into the Ce@nd the interfacial layer during
post-N,O plasma treatment, then the following RTA which densifies 55’
and improves the Ce(dielectrics.

17.

18.
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