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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 transisioIOSFETS 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-MOSFETSs. 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/Bi@rface and an
annealing effect. ©1997 American Institute of Physids$S0021-897¢07)05616-3

I. INTRODUCTION gate process. Thermal gate oxide was grown at 100 °C in

With the shrinking of transistors to submicrometer gi- Ar-diluted Oz lelmd thenl nitrided at 100|0d°C fo(;O%Oognfn 'go
mensions in recent years, high quality thin gate dielectric®4r® NF. Finally, samples were annealed at 1 or

are required which possess excellent robustness against h&pin either in N (denoted as NDor in dry 02 (reoxidation,
carrier bombardment and radiation exposure, good blockin9jenOted as RND The gate oxides had a thickness of 250 A
property against diffusion of dopants and impurities, etcIor NO samples and 275 A for RNO samples as determined
Thermal nitridation of Si@ using NH; has been reported to by capacitance-voltaged V) measurements. After complet-
have many advantages over thermal oXideHowever, re-  ing all conventional processing steps for theMOSFETS,
sidual tensile stress exists at the Si/Sifterface of the ni- the wafers of NO samples were put into a vacuum chamber
trided oxide film and increases with higher interfacial nitro-and a low-energy550 e\) Ar* beam with 0.5 mA/crhin-

gen concentration.In our previous work:’ the backsurface tensity was applied to directly bombard the backsurface of
Ar* bombardment method was proposed to improve théhe wafers at room temperature under a vacuum of 3.2 mPa.
electrical characteristics of n-channel metal-oxide- Four different bombardment durations 0, 10, 20, and 40 min,
semiconductor field-effect transistoi®-MOSFETY with  were performed, with the corresponding samples denoted as
thermally grown and Nktnitrided oxides as gate dielectrics NOO, NO10, NO20, and NO40, respectively. Subsequently,
after they were completely fabricated. It was shown that thehe wafers were annealed in, it 450 °C for 20 min. Hot-
channel mObl“ty oin-MOSFETSs and the interface properties carrier stress with maximum substrate Curre‘mb (: ZVG

of MOS capacitors can be improved by this technique. In this= g v) on the transistors and high-field injection with a con-
work, studies on hot-carrier-induced degradation of interfacgiant current density—1 mA/cn?) on the capacitances were

properties, and oxide charge trapping characteristics of boMpen performed to study their interface properties. After this,
bardedn-MOSFETSs with nitrided gate oxides are performed, \,qir Si/SiQ interfaces were characterized by charge-

and results are expressed in terms of bombardment effects . - -
umping technique on the MOSFETs and high-frequency,
hot-carrier-induced degradations of peak linear transcondug’| ping q d q Y

: . Juasi-staticC-V measurements on the capacitors. Hole trap-
tance G,,), shift of threshold voltage\(y) and increase of P P

interface state densityD(;;). NHz nitridation is chosen to ping was depicted by the changes of peak linear transcon-

: . . . ductance AG,,) and threshold voltage AV;) of the
ntroduce electron traps in the gate oxide so as to facilitate a m
! " b1 9 X " MOSFETSs after low-gate-voltage stres¢g(= 1 V and

comparison between the effects of bombardment and reox{]—/ _ 7 V). while el ) h 7ed by th
dation on the charge trapping behavior of the oxide. p = 7 V), while electron trapping was characterized by the
change in gate voltageA(Vg) during stressing with a con-

stant current density—1 mA/cn?) on the MOS capacitors.
The channel length and widthW of the MOSFETSs are 1

The n-MOSFETs and MOS capacitances used in thisand 24um, respectively, and the area of the capacitors are
study were fabricated op-type (100) silicon wafers with a 10 % cn?. All measurements were carried out under light-
resistivity of 6—8Q cm by the self-alignedh* polysilicon  tight and electrically shielded condition.

Il. EXPERIMENT
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Table | lists comparison between interface state densitie E-E (eV)

D;; before and after bombardment measured on the same

transistors for NO10, NO20, and NO40 samples. It can bé G, 2. Distributions of interface state density in the energy bandgap before
clearly seen thaD,; is decreased to a different extent after and after bombardment for different timék0, 20, and 40 min
bombardment for a different duration, with a minimum value

for 20 min. The fact is further supported I8V results on

the MOS capacitors adjacent to the transistors. Figure 1 The above facts might be attributed to relaxation of me-
gives some typical quasi-static-V characteristics before chanical stress, or recovery of distorted bonds at Sy$i©

and after bombardment for different time. The extracted disterface after bombardment. Measurement and simufation
tribution of interface state density in the energy band gap ishowed that the higher residual tensile stress exists in the
presented in Fig. 2, which is obviously in good agreemenfitrided oxide film than in pure oxide film due to nitrogen
with the results in Table I. Furthermore, results of hot-carriefncorporation near the Si/SiOinterface. In other words,
stress on the bombarded MOSFETSs in Fig. 3 and high-fieldhere is a distorted interfacial region because of the forma-
stress on the MOS capacitors in Table Il show that a corretion of mismatched Si—N bonds in the Si—O network. The
sponding improvement of interface hardness against hotacksurface bombardment could generate a lattice-damaged
carrier bombardment is obtained as compared to the nonayer at the back of the wafer which is likely to give rise to a
bombarded sample, even though it is not as large as that @@mpressive stress at the surface of the wafer, thus compen-
the RNO sample. It can be observed that as bombardmeggting the original tensile stress. The resulting type and
time increases, interface state creatidiD{,) decreases to a amount of net stress depend on bombardment duration under
minimum value (NO20 samplg and then increases to a @ given ion energy and density. If compressive stress just
value comparable with NOO sampliO40 samplg indicat- ~ cancels tensile stress, a strainless SiSierface, hence the

ing a turnaround behavior. Corresponding\b ;, behaviors, lowestD;; and smallestD;; would be obtained. The results
AV5andAG, for all the samples also exhibit a similar varia- 0f NO20 sample seem to correspond to this case. Naturally,
tion trend after hot-carrier stress, as shown in Fig. 4, suggestt can be deduced that if bombardment duration is too long,

ing thatAV; andAG,, should mainly rely on the change of an overcompensation would result, and the initial tensile
interface states under maximum substrate current stress. Stress would become compressive after bombardment, thus a
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FIG. 1. Typical quasi-stati€-V characteristics for NO samples with dif- FIG. 3. Interface state creation as a function of stress timéyat 2Vg
ferent bombardment time. = 8 V for all n-MOSFETSs.
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TABLE II. Increase in midgap interface-state densities of MOS capacitances after high-field injection stress
(—1 mA/ cn¥) for 100 s.

NOO NO10 NO20 NO40 RNO

ADitm
(102 cm2 eV 2.93-3.43 1.35-1.57 1.12-1.33 2.69-3.25 1.00-1.15

turnaround behavior occurs, as observed for the NOA4Q. Electron trapping properties
sample. Therefore, a suitable bombardment time should be
chosen for a given ion energy and density to obtain the be%0
interface properties. For RNO samples, besides the rela>&-h
ation of interfacial stress, considerable elimination of
hydrogen-related species near the interfedescribed be-
low) is mainly responsible for its least interface state genera
tion.

Electron trapping properties of the gate oxides of the
mbarded samples were also studied by monitoring the
ange in gate voltage\(Vg) to maintain a constant current
density(—1 mA/ cn?) through the MOS capacitors adjacent
to corresponding transistors. As shown in Fig. 6, NOO and
RNO oxides exhibit largest and smallesV s, respectively.

The former results from significant trapping at electron traps
generated by hydrogen-related species decomposed from
B. Hole trapping properties NH, during nitridation processintf"2which are effectively
eliminated in the latter by the reoxidation step. While the
bombarded samples show a gradually decredséd with
bombardment time, suggesting suppressed electron trapping
to some extent, this can be ascribed to an annealing effect on
e gate oxide during Arbombardment,which can remove

For all the smples, a low/ stress(Vp=7 V andVg
= 1 V) for 2000 s followed by 20 s of electron injection at
Vp = Vg = 8 V were employed to investigate the effects of
hole trapping on the change of peak linear transconductan
(AG,;) and shift of threshold voltageA(Vt), and the corre-
sponding results are given in Figs(ab and 8b), respec-
tively. A positive AG,, and a negativ\VV; are observed in

the lowV stress phase, which can be attributed to the chan- 3 T y T T y
nel shortening effect caused by hole trapping in the gate ol Eel g A S S _
oxide localized near the drain junctiffi.Subsequent short N L R
electron injection results in a large positixg; shift and ]
G,, degradation as a result of the compensation of the :\9 0
trapped holes and the filling of generated neutral electron ‘; 1k WIL=24/1 ym _
traps by the injected electrons. As can be seen in Fig. 5, O& o ]
NO20 oxide has minimum hole trapping among the bom- GE s B .
barded samples based on the changeGpfandV+, and a =t - b ]
turnaround behavior similar to that in Figs. 1 and 2 is again < 4l /I I\I/ _
found for the hole-trapping characteristics. Therefore, it can I
be concluded that bombardment with suitable duration can St . . . 3
also effectively reduce the hole traps in the oxide to a level NO0O  NO10 NO20 NO40 RNO
close to that in RNO oxide, possibly by means of stress (a)
compensation near the Si/SiGterface.
151 i WIL = 24/1 pm 1
64F ' h 10+ & E
~ } W/L 24/1 3
g 56} 1 ’5‘ st \ ]
= { AVy E 3
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FIG. 5. (a) Percentage change of peak linear transconductance(tand

threshold voltage shift for alh-MOSFETs. Curve A immediately after low
FIG. 4. Degradation of peak linear transconductance and shift of threshol¥ stress aVg = 1 V andVp = 7V for 2000 s. Curve B after a subsequent
voltage after 5000 s stress\gt = 2V = 8 V for all n-MOSFETSs. short electron injection phase\dg = Vp = 8 V for 20 s.
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trapping properties of the oxides to some extent. Although
these improvements are not as large as those achieved by
reoxidation, the bombardment does not decrease the nitrogen
content in the nitrided gate oxide, and thus its resistance
against dopant/impurity penetration into the conduction
channel of the devices. Therefore, backsurface bombardment
is a simple and promising technique for improving the reli-
ability of MOS devices and is fully compatible with existing
integrated circuifIC) processing.
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