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1.6 nm Oxide Equivalent Gate Dielectrics Using
Nitride/Oxide (N/O) Composites Prepared by

RPECVD/Oxidation Process
Yider Wu, Yi-Mu Lee, and Gerald Lucovsky, Member, IEEE

Abstract—Ultrathin nitride/oxide ( 1.5/0.7 nm) dual layer gate
dielectrics have been formed using remote plasma enhanced CVD
of nitride onto plasma-grown oxide interface layers. High accumu-
lation capacitance (1.72 F/cm2) is measured and the equivalent
oxide thickness is 1.6 nm after quantum effect corrections. Com-
pared to 1.6 nm oxides, a tunneling current reduction of more than
100 fold is found for devices with 1.6 nm N/O dielectrics due to in-
creased film thickness and interface nitridation. Hole channel mo-
bility decreases by about 5%, yielding very good P-MOSFET cur-
rent drive. Excellent dielectric reliability and interface robustness
are also demonstrated for P-MOSFET’s with N/O dielectrics.

Index Terms—Gate dielectric, MOSFET, nitride, oxide, tun-
neling current.

I. INTRODUCTION

A S THE AGGRESSIVE scaling of CMOS technology
continues, tunneling leakage limits the scaling of SiO

to approximately 1.6–1.7 nm. Nitride/oxide dual layer gate
dielectrics have emerged as promising alternatives to silicon
dioxide in dual gate CMOS devices [1]. The advantages include
a higher dielectric constant ( ), excellent thermal
stability, and a barrier for impurity/dopant diffusion. It has
been shown that 0.8 nm of nitride suppresses boron transport
out of p polysilicon gates during high thermal budget dopant
activation anneals [2]. Therefore, with a diffusion barrier at
polysilicon/dielectric interface, the N/O dual layer dielectrics
prevent boron incorporation in the oxide bulk and show
improved reliability [3]. In addition, because silicon nitride
has almost twice the dielectric constant of silicon dioxide,
lower tunneling has been obtained for N/O films compared to
oxides with the same oxide-equivalent thickness [4]. Whereas
pure nitride gate dielectric may be preferable for tunneling
current reductions, its poor interface with Si severely degrades
MOSFET performance, so that ultrathin buffer oxide interfacial
layer are required in MOSFET devices [5].
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In this work, we have investigated the electrical properties of
p -poly gate P-MOSFET’s with 1.6 nm N/O dual layer gate
dielectrics in which the nitride layer was prepared by remote
plasma enhanced chemical vapor deposition (RPECVD) and
the oxide layer by remote plasma oxidation. This paper focuses
on PMOS because, due to boron penetration, PMOS has more
severe reliability problem compared to NMOS while oxide is
scaled down to sub-2.0 nm region. That is a major limit for
oxide scaling down, but N/O dielectrics can take advantage of
nitride’s low boron diffusivity to improve it. An interface nitri-
dation process was used to incorporate one monolayer nitrogen
at the Si-dielectric interface; this modifies the interfacial sub-
oxide bonding and also reduces direct tunneling [6]. We find
that 1.6 nm N/O dielectrics reduce direct tunneling by more than
100 compared to single layer oxide with the same capacitance.
Very good hole channel mobility and MOSFET characteristics
are demonstrated. Finally, excellent dielectric reliability and im-
munity against hot carrier stressing were observed for PMOS-
FETS with the aggressively-scaled N/O dielectrics.

II. EXPERIMENTAL

P-MOSFET’s with p -poly gates were fabricated on
0.02–0.05 -cm n-type Si substrates. The bottom oxide
layer is formed using remote NO plasma oxidation. This low
temperature process provides an excellent thickness control
of oxide growth down to 0.4–0.7 nm, which is not readily
achieved by the furnace oxidation processes [7]. Following
the oxidation, a remote plasma nitridation step is used to
incorporate a monolayer nitrogen at the interface; this modifies
the interface sub-oxide bonding and reduces tunneling current
[6]. A 1.5 nm RPECVD nitride is then deposited using SiH
and N as source gases to form the N/O structure [1], [7].
The oxide thickness is estimated by on-line Auger electron
spectroscopy [8], and nitride thickness is determined from the
deposition rate. Post-deposition annealing of the N/O films was
performed in He at 900C for 30 s for chemical and structural
relaxation [9]. Polysilicon 290 nm was then deposited,
patterned, and implanted with BF(30 keV, 5 × 10 /cm ), and
activated at 1000C for 40 s. The equivalent oxide electrical
thickness ( ) of 1.6 nm was obtained from analysis of
high-frequency capacitance–voltage (– ) data including
quantum effect correction [10]. 1.6–2.6 nm oxides were grown
in the dry oxygen for control devices.
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Fig. 1. Hysteresis for N/O�1.5/0.7 nm dielectrics, with 1.6 nm equivalent
oxide thickness. It is clear that no measurable hysteresis can be found in the
C–V curves.

III. RESULTS AND DISSUSION

Fig. 1 shows the – trace for a P-MOSFET with a
N/O 1.5/0.7 nm. The 1.6 nm equivalent oxide thickness is
obtained by the accumulation capacitance (1.72 F/cm )
with quantum effect correction [10]. The trace/retrace indicated
by the arrows indicates no measurable hysteresis in the–
curves. Finally, based on the agreement between the measured
and calculated flatband voltages, there is no measurable
boron transport to the Si-dielectric interface. The effect of
tunneling current reduction is shown in Fig. 2. Compared to
the calculated tunneling current of 1.6 nm oxide, the N/O
device shows a reduced tunneling current of more than 100 for
both substrate and gate injection. If the off state gate leakage
current limitation is taken as 1 Amp/cm[11], these N/O dual
layer gate dielectrics should not reach this level of tunneling
current until the effective thickness is scaled to about 1.3 nm,
thereby providing about 30% more capacitance than a 1.7 nm
oxide. The reduction of tunneling current comes from two
independent effects: 1) the increased physical film thickness
associated with the increased dielectric constant of the nitride
layer [4] and 2) an interface restructuring due to monolayer
nitrogen incorporation [6]. Additionally, the device with the
oxide dielectric in Fig. 2 shows an increased tunneling current
with respect to calculated value due to boron degradation to the
oxide bulk and Si-dielectric interface.

Fig. 3 shows the PMOS mobility for 1.6 nm N/O dual layer
and 2.6 nm oxide gate dielectrics and– characteristics
with 0.7 m channel length. The effective mobility of N/O dual
layer and oxide devices were extracted from large transistors
( m) to avoid the uncertainties in effective
channel length and the effects of the source/drain series resis-
tance [12]. Because the PMOS device with 1.6 nm oxide did not
function due to the large gate tunneling, no mobility data could
be extracted for comparison. Therefore, a device with a 2.6 nm
oxide was used for the mobility comparison. As shown in Fig. 3,
the 1.6 nm N/O device shows only5% mobility degradation
compared to the 2.6 nm oxide device, which meets acceptable

Fig. 2. Tunneling currents for 1.6 nm oxide, 1.6 nm N/O films, and calculated
value for 1.6 nm oxide. Compared to the calculated tunneling current of 1.6
nm oxide, the N/O device shows a reduced tunneling current of more than 100.
The oxide device shows higher current due to boron penetration to the Si–SiO
interface.

Fig. 3. PMOS mobility for 1.6 nm N/O dual layer and 2.6 nm oxide gate
dielectrics, andId–V g characteristics for 0.7�m channel length P-MOSFET.

targets for device scaling. The inset of Fig. 3 shows the–
characteristics for a 0.7m P-MOSFET with 1.6 nm N/O film.
A good on-off characteristic is shown with a subthreshold slope
at 78 mV/dec. The N/O dielectric reliability is shown in Fig. 4.
Two aggressive stress conditions, V and−3.6 V, are
applied as shown in Fig. 4(a), which correspond to Jg2.4 and
17 Amp/cm , respectively. No breakdown or SILC was found
for −3 V stress after 80 000 s. There was a 3.3% transconduc-
tance (gm) degradation and 7% threshold voltage shift after a



118 IEEE ELECTRON DEVICE LETTERS, VOL. 21, NO. 3, MARCH 2000

Fig. 4. Constant voltage stressing for N/O films. (a) Two aggressive stress
conditions,V g = �3 V and−3.6 V, are plotted in log scale, which correspond,
respectively, to Jg�2.6 and 17 Amp/cm. No breakdown or SILC was found
for −3 V stress after 5000 s. The inset shows theI–V curves before and after−3
V, 5000 s stress. The dash line is before stress and the solid line is after stress.
(b) Stressing of 10 N/O devices atV g = �3 V plotted in linear scale.

188 230 C/cm carrier injection at this stress voltage. For the
−3.6 V stress, which corresponds to Eox-eq15.8 MV/cm, the
gate leakage was increased by about three after 5000 s stress
due to multiple soft breakdowns. However, no hard breakdown
was found even after a 155 700 C/cmgate current injection,
and the MOSFET is still functioning but with 10% gm degrada-

tion and 15% threshold voltage shift. Although this is not ade-
quate here to express the reliability of gate dielectrics because
the appearance of soft breakdowns in the early stage should
also be avoided, the magnitude of injected charge and wearout
phenomena for the N/O devices reveal a clear improvement if
compared to the conventional oxide devices. Furthermore, the
inset compared current–voltage (– ) characteristics for N/O
dielectrics before and after stress. The SILC is still negligible
after 10 700 C/cmcharge injection. Fig. 4(b) shows the
characteristics of ten N/O devices with V stress in
the linear scale. All the curves show almost no SILC after
10 C/cm charge injection. This possibly indicates that N/O di-
electrics is with a low defect generation rate.

IV. CONCLUSION

Nitride/oxide dual layer gate dielectrics prepared by a
RPECVD/oxidation process with 1.6 nm equivalent oxide
thickness have been fabricated for p-poly P-MOSFET’s. The
devices with the 1.6 nm N/O layers and with a post-oxidation
plasma-assisted interface nitridation show more than 100
times lower tunneling current compared to devices with 1.6
nm oxides. Combined with the good interface properties,
an effective impurity diffusion barrier, and improved film
reliability as demonstrated in this paper, the N/O dual layer
gate dielectrics show good promise for sub-.25m dual-gate
CMOS technology; with the expectation of tunneling leakage
currents remaining below 1 Amp/cmfor Tox-eq 1.3 nm.
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