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Atomic-layer-deposited silicon-nitride ÕSiO2 stacked gate dielectrics for
highly reliable p-metal–oxide–semiconductor field-effect transistors

Anri Nakajima,a) Takashi Yoshimoto, Toshiro Kidera, Katsunori Obata, Shin Yokoyama,
Hideo Sunami, and Masataka Hirose
Research Center for Nanodevices and Systems, Hiroshima University, 1-4-2 Kagamiyama,
Higashi-Hiroshima, Hiroshima 739-8527, Japan

~Received 11 July 2000; accepted for publication 6 September 2000!

An extremely thin~;0.4 nm! silicon-nitride layer has been deposited on thermally grown SiO2 by
an atomic-layer-deposition~ALD ! technique. The boron penetration through the stacked gate
dielectrics has dramatically been suppressed, and the reliability has been significantly improved, as
confirmed by capacitance–voltage, gate-current–gate-voltage, and time-dependent dielectric-
breakdown characteristics. The ALD technique allows us to fabricate an extremely thin, very
uniform silicon-nitride layer with atomic-scale control. ©2000 American Institute of Physics.
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One of the important challenges for deep submic
complementary metal–oxide–semiconductor~CMOS! tech-
nology is the suppression of boron penetration through
gate oxides inp-metal–oxide–semiconductor field-effe
transistors~MOSFETs!. Oxynitride is thought to be a prom
ising candidate for the gate insulator of the deep submic
p-MOSFETs. However, typical high-thermal budget
oxynitridation processes results in nitrogen incorporation
the SiO2/Si interface, leading to degradation of device p
formance, i.e., reduction of the channel mobility.1 Also,
oxynitride cannot eliminate the boron penetration into
insulator layer, which leads to the reliability degradation2,3

Therefore, it is desirable to introduce the nitride layer only
the polycrystalline-Si/insulator interface. Only a few met
ods have been proposed for such a precise N-atom-pr
control up to now.4–7 Recently, we have developed a tec
nique for N-atom-profile engineering by employing se
limiting atomic-layer deposition~ALD ! of silicon nitride.8–10

In this study, we have fabricated metal–oxide
semiconductor~MOS! diodes with a very thin ALD silicon-
nitride layer on the top of gate SiO2 and reliability enhance-
ment has been demonstrated.

The MOS capacitors have been fabricated usingn-type
Si~001! wafers~10 V cm!. After the growth of 2.0–3.0-nm-
thick gate oxides, the silicon-nitride layer was deposited
alternately supplying SiCl4 and NH3 gases. The SiCl4 expo-
sure at 375 °C followed by NH3 exposure at 550 °C wa
cyclically repeated five times, leading to a silicon-nitrid
physical thickness of;0.4 nm~;2 ML!, as estimated from
ellipsometry and the accumulation capacitance of the M
diodes. The gas pressure of SiCl4 and NH3 during the depo-
sition was 170 and 300 Torr, respectively. The substrate t
perature was changed by a computer synchronized with
gas-supply sequence. After the ALD silicon-nitride depo
tion, a 200-nm-thick polycrystalline-Si gate was formed
20 keV BF2

1-ion implantation at a dose of 531015cm22.
Subsequently, the activation annealing was performed
1000 °C for 10 or 40 s in a N2 ambient.

a!Electronic mail: nakajima@sxsys.hiroshima-u.ac.jp
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Figure 1 shows the angle-resolved x-ray photoelect
spectroscopy~XPS! spectra of the N1s core level for the
ALD silicon-nitride/SiO2 stacked gate dielectrics. Th
‘‘take-off angle’’ is the angle between the wafer plane a
the analyzer axis and was taken as 5°, 10°, and 30°. In e
spectrum, the intensity of N1s was normalized using the O1s

peak intensity. It is seen that the intensity of the N1s peak
increases with decreasing the take-off angle. Since
smaller take-off angle enhances the surface sensitivity m
this result suggests that the nitrogen bonds are not loc
uniformly in the gate-oxide layer or closer to the SiO2– Si
substrate interface, but rather on top of the surface of
dielectrics.

The surface microroughnesses measured using ato
force microscopy~AFM! are shown in Fig. 2 for the sample
before and after the ALD of silicon nitride on the gate oxid
For comparison, we also measured the surface of silicon
tride deposited on the gate oxide using conventional lo
pressure chemical-vapor deposition~LPCVD! at 750 °C.
Here, the thickness of the LPCVD silicon nitride~0.3 nm
from ellipsometry! is almost the same as that of the AL
silicon nitride ~;0.4 nm!. As shown in Fig. 2 the surface
microroughness of the ALD silicon nitride was almost t
same as that of the underlying gate oxide. The average
face roughness (Ra) is 0.030 and 0.031 nm for the sample
before and after the ALD, respectively. In contrast, the s
face microroughness of the sample of the LPCVD silic
nitride (Ra50.043 nm! is much larger than the former two
This increased surface microroughness of the LPCVD silic
nitride is probably ascribed to three-dimensional nucleat
growth. This indicates that the ALD silicon nitride has a
advantage concerning surface microroughness control, e
cially when a few monolayers of silicon nitride are deposit
on ultrathin SiO2 surfaces.

Figure 3 shows capacitance–gate voltage~C–V! charac-
teristics of p1-polycryatalline-Si gate capacitors. Measur
ments were carried out at 1 kHz@except for the closed dia
monds in Fig. 3~b!#. The SiO2 thickness is 2.0 nm for the
no-ALD samples. The equivalent oxide thickness (Teff) of
the ALD samples is 2.2 nm. As seen in Fig. 3~a!, the C–V
5 © 2000 American Institute of Physics
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curve for the no-ALD sample annealed at 1000 °C for 1
shows a small shift to a positive voltage side by appro
mately 0.05 V with respect to the capacitor with ALD silico
nitride on SiO2. Compared with the calculatedC–V curve as
determined from the substrate and gate electrode doping
els, there is a small deviation of theC–V curve for the ALD
sample annealed at 1000 °C for 10 s. This is probably du
the interface traps. The positive shift of the no-ALD samp

FIG. 1. ~Color! Angle-resolved x-ray photoelectron spectroscopy~XPS!
spectra of the N1s core-level signal relative to the O1s spectrum for the ALD
silicon nitride on top of a 3.0-nm-thick gate oxide.

FIG. 2. ~Color! Atomic-force microscopy~AFM! image for ~a! the SiO2

surface~average surface roughnessRa50.030 nm!, ~b! ALD silicon nitride
(Ra50.031 nm!, and~c! LPCVD silicon nitride (Ra50.043 nm!. The thick-
ness of the ALD layer is;0.4 nm from ellipsometry and the accumulatio
capacitance of the MOS capacitors. The thickness of the LPCVD sili
nitride is 0.3 nm from ellipsometry.
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is ascribed to the boron penetration to the substrate.11 In Fig.
3~b!, a significant flatband voltage shift~0.70 V! is observed
for the no-ALD sample annealed at 1000 °C for a longer ti
~40 s! compared with the ALD sample~flatband voltage shift
of 0.25 V! of the same annealing condition~at 1000 °C for
40 s!, which clearly indicates the suppression of boron d
fusion in the ALD sample. For the no-ALD sample anneal
at 1000 °C for 40 s, the measurement at 100 kHz was a
carried out. From the frequency dependence, the tail of
curve at 1 kHz in the low-gate-voltage region~0.5–1.7 V! is
ascribed to the interface traps.

Figure 4 shows the tunnel current measured as a func
of electric field through the gate stack dielectrics of MO
capacitors annealed at 1000 °C for 40 s. The SiO2 thickness
is 2.0 nm from ellipsometry for the no-ALD sample. TheTeff

of the ALD sample is 2.2 nm. In the ALD sample, the tunn
current is suppressed compared with that of the no-A
sample at the same electric field, indicating a significant
crease in the gate leakage current for the ALD sample.
extent of current suppression for the ALD sample is larg
than that expected for the SiO2 layer with the same equiva
lent oxide thickness, owing to the larger physical thickne
of the ALD sample. For instance, the tunnel current for t
ALD sample withTeff52.2 nm is 231023 A/cm2 at an ef-
fective oxide field of 5 MV/cm in Fig. 4 and is almost th
same as that through the gate oxide withTox52.4 nm.12

Also, it is seen that the electric-field strength where the
electric breakdown occurs is larger for the ALD sample th

n

FIG. 3. ~Color! Capacitance–voltage~C–V! characteristics at 1 kHz for
p1-poly-Si gate MOS capacitors annealed at 1000 °C for 10 s~a! and 40 s
~b! in a N2 ambient. The SiO2 thickness is 2.0 nm~form ellipsometry! for
both no-ALD samples. The equivalent oxide thickness (Teff) of the ALD
silicon-nitride/SiO2 stacks is 2.2 nm. CalculatedC–V curves are also shown
assuming no boron penetration in the gate insulator. For the no-ALD sam
annealed at 1000 °C for 40 s~b!, the 100 kHzC–V curve is also shown.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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that for the no-ALD sample, indicating the improved reliab
ity for the ALD sample.

Figure 5 shows the time-dependent dielectric-breakdo
characteristics of the MOS capacitors annealed at 100
for 40 s, under constant electric field. The electric field is
MV/cm for the ALD sample withTeff52.2 nm, and the no-

FIG. 4. Tunnel current measured as a function of electric field through
gate dielectrics of MOS capacitors annealed at 1000 °C for 40 s in a2

ambient. The samples are the same as shown in Fig. 3. The SiO2 thickness
is 2.0 nm for the no-ALD sample. The equivalent oxide thickness (Teff) of
the ALD sample is 2.2 nm.

FIG. 5. Time-dependent dielectric-breakdown characteristics
p1-polycrystalline-Si gate MOS capacitors annealed at 1000 °C for 40
a N2 ambient, under constant electrical field, at 12 MV/cm for the AL
sample withTeff52.2 nm and for the no-ALD sample withTox52.0 nm, and
at 14 MV/cm for the ALD and for no-ALD samples withTeff53.0 nm.
Downloaded 15 Jun 2007 to 133.41.149.126. Redistribution subject to AI
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ALD sample withTox52.0 nm. It is 14 MV/cm for the ALD
sample and for the no-ALD sample withTeff53.0 nm. Here,
the underlying SiO2 thickness~2.8 nm! of the ALD sample
with Teff53.0 nm is slightly smaller than that of the no-ALD
sample withTox53.0 nm. It is seen that the ALD sample
show better reliability compared with the no-ALD sample
Particularly, the reliability for the ALD silicoin-nitride/2.0-
nm-thick SiO2 stack ~closed circles! is significantly im-
proved compared to the corresponding no-ALD sam
~open circles!.

In summary, it is demonstrated that extremely thin~;2
ML ! ALD silicon-nitride/SiO2 stacked gate dielectrics ca
efficiently reduce boron diffusion from the p1-
polycrystalline-Si gate without modifying the SiO2/Si inter-
face structure. This leads to significant improvement in
reliability of ultrathin stacked gate dielectrics. Because of
extremely uniform thickness control capability, the ALD sil
con nitride on a thin gate oxide will fulfill the severe requir
ments for ultrathin stacked gate dielectrics for deep sub
cron CMOS transistors. The low-thermal-budget AL
process~,550 °C! can offer the tailored gate stack not on
for ultrathin gate oxides but also for high-k gate dielectrics.

The authors wish to thank Professor T. Kikkawa for h
helpful discussion.
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