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A low-energy~550 eV! argon-ion beam was used to directly bombard the backsurface of nitrided
n-channel metal-oxide-semiconductor field-effect transistors~n-MOSFETs! after the completion of
all conventional processing steps. The interface and oxide-charge trapping characteristics of the
bombarded MOSFETs were investigated as compared to nonbombarded and reoxidized-nitrided
n-MOSFETs. It was found that after bombardment, interface state density decreases and interface
hardness against hot-carrier bombardment enhances, and oxide charge trapping properties were also
improved. The improvements exhibit a turnaround behavior depending on bombardment conditions
and could be attributed to stress compensation in the vicinity of the Si/SiO2 interface and an
annealing effect. ©1997 American Institute of Physics.@S0021-8979~97!05616-8#
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I. INTRODUCTION

With the shrinking of transistors to submicrometer d
mensions in recent years, high quality thin gate dielect
are required which possess excellent robustness agains
carrier bombardment and radiation exposure, good block
property against diffusion of dopants and impurities, e
Thermal nitridation of SiO2 using NH3 has been reported t
have many advantages over thermal oxide.1–4 However, re-
sidual tensile stress exists at the Si/SiO2 interface of the ni-
trided oxide film and increases with higher interfacial nitr
gen concentration.5 In our previous work,6,7 the backsurface
Ar1 bombardment method was proposed to improve
electrical characteristics of n-channel metal-oxide-
semiconductor field-effect transistors~n-MOSFETs! with
thermally grown and NH3-nitrided oxides as gate dielectric
after they were completely fabricated. It was shown that
channel mobility ofn-MOSFETs and the interface propertie
of MOS capacitors can be improved by this technique. In t
work, studies on hot-carrier-induced degradation of interf
properties, and oxide charge trapping characteristics of b
bardedn-MOSFETs with nitrided gate oxides are performe
and results are expressed in terms of bombardment effec
hot-carrier-induced degradations of peak linear transcond
tance (Gm), shift of threshold voltage (VT) and increase of
interface state density (Dit). NH3 nitridation is chosen to
introduce electron traps in the gate oxide so as to facilita
comparison between the effects of bombardment and re
dation on the charge trapping behavior of the oxide.

II. EXPERIMENT

The n-MOSFETs and MOS capacitances used in t
study were fabricated onp-type ~100! silicon wafers with a
resistivity of 6–8V cm by the self-alignedn1 polysilicon
J. Appl. Phys. 82 (4), 15 August 1997 0021-8979/97/82(4)/194

Downloaded 07 May 2007 to 147.8.143.135. Redistribution subject to AI
s
ot-
g
.

e

e

is
e
-

,
on
c-

a
xi-

s

gate process. Thermal gate oxide was grown at 100 °C
Ar-diluted O2, and then nitrided at 1000 °C for 60 min i
pure NH3. Finally, samples were annealed at 1000 °C for
min either in N2 ~denoted as NO! or in dry O2 ~reoxidation,
denoted as RNO!. The gate oxides had a thickness of 250
for NO samples and 275 Å for RNO samples as determi
by capacitance-voltage (C-V) measurements. After comple
ing all conventional processing steps for then-MOSFETs,
the wafers of NO samples were put into a vacuum cham
and a low-energy~550 eV! Ar1 beam with 0.5 mA/cm2 in-
tensity was applied to directly bombard the backsurface
the wafers at room temperature under a vacuum of 3.2 m
Four different bombardment durations 0, 10, 20, and 40 m
were performed, with the corresponding samples denote
NO0, NO10, NO20, and NO40, respectively. Subsequen
the wafers were annealed in N2 at 450 °C for 20 min. Hot-
carrier stress with maximum substrate current (VD 5 2VG

5 8 V! on the transistors and high-field injection with a co
stant current density~21 mA/cm2! on the capacitances wer
then performed to study their interface properties. After th
their Si/SiO2 interfaces were characterized by charg
pumping technique on the MOSFETs and high-frequen
quasi-staticC-V measurements on the capacitors. Hole tra
ping was depicted by the changes of peak linear transc
ductance (DGm) and threshold voltage (DVT) of the
nMOSFETs after low-gate-voltage stress (VG 5 1 V and
VD 5 7 V!, while electron trapping was characterized by t
change in gate voltage (DVG) during stressing with a con
stant current density~21 mA/cm2! on the MOS capacitors
The channel lengthL and widthW of the MOSFETs are 1
and 24mm, respectively, and the area of the capacitors
1024 cm2. All measurements were carried out under ligh
tight and electrically shielded condition.
19477/4/$10.00 © 1997 American Institute of Physics

P license or copyright, see http://jap.aip.org/jap/copyright.jsp



itie
am
b

er
ue

e

is
p
en
ie
e
rre
ho
o
t
e

a

a-
e
f
.

e-

n
the

a-
e
ged
a
en-
nd
der
st

lly,
g,
ile
s a

aft

-

ore
III. RESULTS AND DISCUSSIONS

A. Si/SiO 2 interface properties

Table I lists comparison between interface state dens
Dit before and after bombardment measured on the s
transistors for NO10, NO20, and NO40 samples. It can
clearly seen thatDit is decreased to a different extent aft
bombardment for a different duration, with a minimum val
for 20 min. The fact is further supported byC-V results on
the MOS capacitors adjacent to the transistors. Figur
gives some typical quasi-staticC-V characteristics before
and after bombardment for different time. The extracted d
tribution of interface state density in the energy band ga
presented in Fig. 2, which is obviously in good agreem
with the results in Table I. Furthermore, results of hot-carr
stress on the bombarded MOSFETs in Fig. 3 and high-fi
stress on the MOS capacitors in Table II show that a co
sponding improvement of interface hardness against
carrier bombardment is obtained as compared to the n
bombarded sample, even though it is not as large as tha
the RNO sample. It can be observed that as bombardm
time increases, interface state creation (DDit) decreases to a
minimum value ~NO20 sample!, and then increases to
value comparable with NO0 sample~NO40 sample!, indicat-
ing a turnaround behavior. Corresponding toDDit behaviors,
DVTandDGm for all the samples also exhibit a similar vari
tion trend after hot-carrier stress, as shown in Fig. 4, sugg
ing thatDVT andDGm should mainly rely on the change o
interface states under maximum substrate current stress

TABLE I. Comparison between interface-state densities before and
bombardment for different times~10, 20, and 40 min!.

NO10 NO20 NO40

Pre-bombardment
Dit(1011 cm22 eV21) 2.36–2.46 1.44–1.53 1.51–1.79
Post-bombardment
Dit(1010 cm22 eV21! 8.15–8.32 4.75–4.93 7.19–7.51
DDit(%) 65.5–66.2 66.9–67.8 52.4–58.1

FIG. 1. Typical quasi-staticC-V characteristics for NO samples with dif
ferent bombardment time.
1948 J. Appl. Phys., Vol. 82, No. 4, 15 August 1997
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The above facts might be attributed to relaxation of m
chanical stress, or recovery of distorted bonds at Si/SiO2 in-
terface after bombardment. Measurement and simulatio5

showed that the higher residual tensile stress exists in
nitrided oxide film than in pure oxide film due to nitrogen
incorporation near the Si/SiO2 interface. In other words,
there is a distorted interfacial region because of the form
tion of mismatched Si–N bonds in the Si–O network. Th
backsurface bombardment could generate a lattice-dama
layer at the back of the wafer which is likely to give rise to
compressive stress at the surface of the wafer, thus comp
sating the original tensile stress. The resulting type a
amount of net stress depend on bombardment duration un
a given ion energy and density. If compressive stress ju
cancels tensile stress, a strainless Si/SiO2 interface, hence the
lowestDit and smallestDDit would be obtained. The results
of NO20 sample seem to correspond to this case. Natura
it can be deduced that if bombardment duration is too lon
an overcompensation would result, and the initial tens
stress would become compressive after bombardment, thu

er

FIG. 2. Distributions of interface state density in the energy bandgap bef
and after bombardment for different times~10, 20, and 40 min!.

FIG. 3. Interface state creation as a function of stress time atVD 5 2VG

5 8 V for all n-MOSFETs.
Lai et al.
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TABLE II. Increase in midgap interface-state densities of MOS capacitances after high-field injection
~21 mA/ cm2) for 100 s.

NO0 NO10 NO20 NO40 RNO

DDitm

(1012 cm22 eV21) 2.93–3.43 1.35–1.57 1.12–1.33 2.69–3.25 1.00–1.15
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turnaround behavior occurs, as observed for the NO
sample. Therefore, a suitable bombardment time should
chosen for a given ion energy and density to obtain the b
interface properties. For RNO samples, besides the re
ation of interfacial stress, considerable elimination
hydrogen-related species near the interface~as described be
low! is mainly responsible for its least interface state gene
tion.

B. Hole trapping properties

For all the smples, a lowVG stress~VD57 V and VG

5 1 V! for 2000 s followed by 20 s of electron injection
VD 5 VG 5 8 V were employed to investigate the effects
hole trapping on the change of peak linear transconducta
(DGm) and shift of threshold voltage (DVT), and the corre-
sponding results are given in Figs. 5~a! and 5~b!, respec-
tively. A positiveDGm and a negativeDVT are observed in
the lowVG stress phase, which can be attributed to the ch
nel shortening effect caused by hole trapping in the g
oxide localized near the drain junction.8,9 Subsequent shor
electron injection results in a large positiveVT shift and
Gm degradation as a result of the compensation of
trapped holes and the filling of generated neutral elect
traps by the injected electrons. As can be seen in Fig
NO20 oxide has minimum hole trapping among the bo
barded samples based on the changes ofGm andVT , and a
turnaround behavior similar to that in Figs. 1 and 2 is ag
found for the hole-trapping characteristics. Therefore, it c
be concluded that bombardment with suitable duration
also effectively reduce the hole traps in the oxide to a le
close to that in RNO oxide, possibly by means of stre
compensation near the Si/SiO2 interface.

FIG. 4. Degradation of peak linear transconductance and shift of thres
voltage after 5000 s stress atVD 5 2VG 5 8 V for all n-MOSFETs.
82, No. 4, 15 August 1997
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C. Electron trapping properties

Electron trapping properties of the gate oxides of t
bombarded samples were also studied by monitoring
change in gate voltage (DVG) to maintain a constant curren
density~21 mA/ cm2! through the MOS capacitors adjace
to corresponding transistors. As shown in Fig. 6, NO0 a
RNO oxides exhibit largest and smallestDVG, respectively.
The former results from significant trapping at electron tra
generated by hydrogen-related species decomposed
NH3 during nitridation processing,10–12which are effectively
eliminated in the latter by the reoxidation step. While t
bombarded samples show a gradually decreasedDVG with
bombardment time, suggesting suppressed electron trap
to some extent, this can be ascribed to an annealing effec
the gate oxide during Ar1 bombardment,7 which can remove

ld

FIG. 5. ~a! Percentage change of peak linear transconductance and~b!
threshold voltage shift for alln-MOSFETs. Curve A immediately after low
VG stress atVG 5 1 V andVD 5 7V for 2000 s. Curve B after a subseque
short electron injection phase atVG 5 VD 5 8 V for 20 s.
1949Lai et al.
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part of the hydrogen-related species. As shown by the NO
device, the longer the bombardment time, the more obvio
the annealing effect is. So, it is expected that elimination
more hydrogen-related species, results in better suppress
of electron trapping and a harder interface can be achiev
by optimizing the bombardment time, ion beam energy, a
intensity. Further work is being carried out to verify this
conjecture.

IV. SUMMARY

In summary, possible stress relief at the Si/SiO2 interface
and in the gate oxide induced by backsurface Ar1 bombard-
ment can reduce interface states and hole traps of nitrid
n-MOSFETs, and also enhance interface resistance aga
hot-carrier bombardment. Moreover, an annealing effect r
sulting from the bombardment can improve the electro

FIG. 6. Change in gate voltage vs time during constant current stress
~21 mA/cm2! for all capacitors adjacent to their corresponding transistor
1950 J. Appl. Phys., Vol. 82, No. 4, 15 August 1997
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trapping properties of the oxides to some extent. Althou
these improvements are not as large as those achieve
reoxidation, the bombardment does not decrease the nitro
content in the nitrided gate oxide, and thus its resista
against dopant/impurity penetration into the conduct
channel of the devices. Therefore, backsurface bombardm
is a simple and promising technique for improving the re
ability of MOS devices and is fully compatible with existin
integrated circuit~IC! processing.
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