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Abnormal enhancement of interface trap generation under dynamic oxide
field stress at MHz region

Shiyang Zhu and Anri Nakajimaa!

Research Center for Nanodevices and Systems, Hiroshima University, 1-4-2 Kagamiyama,
Higashi-Hiroshima 739-8527, Japan

Takuo Ohashi and Hideharu Miyake
Elpida Memory, Incorporated, 1120 Shimokuzawa, Sagamihara, Kanagawa, 229-1198, Japan

sReceived 19 July 2004; accepted 4 December 2004; published online 14 February 2005d

By stressing metal-oxide-semiconductor field-effect transistors with ultrathin silicon dioxide or
oxynitride gate dielectrics under square wave form voltage at the MHz region, an abnormal
enhancement of interface trap generation in the midchannel region has been observed at some
special frequencies. A hypothesis, including self-accelerating interface trap generation originated
from the positive feedback of a charge pumping current to be contributed by the stress-induced
near-interface oxide traps and a resonant tunneling via the near interface oxide trap states at those
frequencies, is proposed to explain the observed phenomenon. ©2005 American Institute of
Physics. fDOI: 10.1063/1.1857083g
rada
.
tes
n

enc
rted
m
and
m a
-
n 30
tha
t a
r
-
eom
the

ies

ncy
t th
al

e sp

-

ces
e o
f
lyin
and
trod

. The
re

loped

d. A
volt-
been

rface
r
nd

n
d
ncy-
e-
en-
l
t

inde-

s
n of
.
uch
e, the

reak-

All of
i.e.,

t dcmai
Devices under ac stresses may display different deg
tion behaviors as compared to those under dc stresses1–6 It
has been found that the trap generation and trapping ra
thin gate oxide films is reduced1 and the time to breakdow
stBDd is enhanced significantly under bipolar stress.2,3 On the
other hand, the interface trap generationsDNitd under dy-
namic stresses has been observed to be frequ
dependent.3–6 However, the frequency dependences repo
in literature are controversial. For example, Rosenbauet
al.4 observed thatDNit under bipolar stress increases first
then decreases with stress frequency with a maximu
around 2 kHz, while Chenet al.5 reported thatDNit is essen
tially independent of frequency at frequencies less tha
kHz and increases with frequency at frequencies larger
30 kHz. We also found similar frequency enhancemen
high frequencies, but the enhancement ofDNit saturates o
decreases at the MHz regions106–107 Hzd.6 The above dis
agreements may be attributed to the differences in the g
etry of tested devicesse.g., the gate oxide thickness,
channel width/length ratio, etc.d, the stress setup,7 the wave
form of stress voltagese.g., the rise and fall timesd etc. Fur-
thermore, the step of stress frequency in previous stud
usually quite largesnormally one order of magnituded.
Therefore, information near the “turn-around” freque
may be lost. In this letter, a fine frequency dependence a
MHz region was studied with a step of 1 MHz. An abnorm
enhancement of interface trap generation occurs at som
cial frequencies, resulting in a dramatic decrease oftBD at
those frequencies.

Polycrystalline silicon gaten-channel metal-oxide
semiconductor field-effect transistorssMOSFETsd with a
lightly doped-drain structure fabricated by a standard pro
were tested in our studies. Gate dielectrics are pur
plasma-nitrided SiO2 films with a base SiO2 thickness o
2.34 nm or 3.48 nm. The devices were stressed by app
a square wave form voltage with a duty factor of 50%
the rise and fall time of less than 8 ns on the gate elec
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while the substrate, drain, and source were grounded
substrate currentsIbulkd was monitored during stress. Befo
and after stress, the interface trap densitysNitd in the mid-
channel region was measured using a recently deve
direct-current current-voltagesDCIVd method.8,9 which re-
quires smaller measurement voltage and is easier forNit ex-
traction than the conventional charge pumping metho
close correlation between the DCIV peak, the threshold
age shift, and the transconductance degradation has
observed.6

Figure 1 shows the frequency dependence of inte
trap generationsDNit =Nitsstressedd−Nitsfreshdd after bipola
and unipolarspositive and negatived stresses between 1 a
20 MHz for two typical samples withfFig. 1sadg 2.34 nm
pure SiO2 and fFig. 1sbdg 3.48 nm oxynitride with nitroge
concentration of 12%. Three peaks ofDNit can be identifie
at the frequencies of 5, 9, and 15 MHz on almost freque
independent baselineDNit, with higher peak at higher fr
quencies. All other devices with different nitrogen conc
trations, equivalent oxide thicknesssEOTd, and channe
width/length ratio show similar abnormalDNit enhancemen
at the same frequency positions. The peak position is
pendent of the device geometry as well as the amplitudesVad
and polarity of the stress voltage. TheDNit peak increase
sharply asVa increases, resulting in an abnormal reductio
tBD at those frequenciessnot shownd. For the sample of Fig
1sbd, tBD is about 71 s at 15 MHz bipolar stress, and is m
shorter than those stressed at other frequencies. Her
breakdown is identified as the suddenly increasing ofIbulk
during stress, and no DCIV peak can be detected after b
down due to the overwhelming sourcesdraind junction cur-
rent.

Figure 2 compared the stress time evolution ofDNit un-
der dynamic stresses at 15 MHz and under dc stresses.
them obey a power law with a quite close exponent,
,0.40 for negative polaritysunipolar and dcd, ,0.34 for
positive polarity, and a value between thems,0.38d for the
bipolar stress, implying that the dynamics ofDNit generation
at 15 MHz dynamic stresses may be similar to that al:

stresses. The larger than 0.25 exponent suggests that the in-
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terface trap generation is reaction limited according to
reaction-diffusion model.10 The larger exponent of negati
polarity indicates that the negative voltage stress may g
ate interface traps more effectively.5

The enhancement ofDNit under bipolar stress at hig
frequencies has been attributed to a contribution of reco
nation of trapped electrons with holes from the subst
which is identified as a charge pumping currentsICPd.

6 Figure
3 shows averageIbulk at the first 10 s of stress as a function

FIG. 1. Frequency dependence of interface trap generation under MH
namic stress of two types ofn-MOSFETs;sad Pure SiO2 with EOT of 2.34
nm, channel width/lengthsW/Ld=10 mm/10 mm, andVa=2.9 V, andsbd
plasma-nitrided SiO2 with EOT of 2.94 nm,W/L=10 mm/10 mm, andVa

=3.8 V. The duty factor of the stress wave form is 50% and the stress
is 300 s.

FIG. 2. Stress timesTstressd evolution of interface trap density induced
dynamic stresses at 15 MHzsbipolar, positive, and negative unipolard and dc

stresses. They obey a power law with an exponent between 0.32 and 0.41
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frequency.Ibulk includes the average dc tunneling curre
and ICP f~DFsfd · f, wheref is a stress frequency andDFsfd
is a filling factorg to be contributed by both interface sta
sfast states,ICP-FSd and near-interface statessslow states
ICP-SSd.

11 Except at frequencies around 9 and 15 MHz,Ibulk of
bipolar stress is almost linearly proportional to the freque
while that of unipolar stresses is almost independent of
quency. Notice that at the frequency range used here,ICP-FS
still depends on frequency linearly, whileICP-SSbecomes a
most frequency independent11 because the filling factor
slow states decreases at a much lower frequ
s,1 MHzd than that of fast states. It reflects thatICP-FSis the
dominant component ofIbulk at the bipolar stress, whi
ICPs=ICP-FS+ ICP-SSd is negligible at the unipolar stress b
cause the voltage swingsVSWd is not large enough forICP in
the unipolar stress cases. However, the baseline ofDNit for
bipolar stress in Fig. 1sexcept the abnormalDNit enhance
ment around 5, 9, and 15 MHzd does not display frequen
dependence. It suggests that theDNit enhancement is main
induced byICP-SS, rather thanICP-FS sRef. 6d even thoug
ICP-SSis much smaller thanICP-FS. We suspect that the abn
mal increase ofDNit in Fig. 1 and the fluctuations ofIbulk
around 9 and 15 MHz in Fig. 3 are both closely correla
and may also be attributed toICP-SS. Similar oscillations o
thedJSub/df versusf curves have also been observed in
7 of Ref. 12 at the 106–107 Hz range, but the authors ju
ignored this phenomenon. The absence ofIbulk peak at 5
MHz may be simply due to the fact thatICP-SSat 5 MHz is
too small to be distinguished as theDNit peak at 5 MHz i
also much smaller than that at 9 and 15 MHz.

Figure 4 showsIbulk during bipolar stresses at 13, 15, a
17 MHz, respectively. At the beginning of stress,Ibulk at 15
MHz is between those of 13 and 17 MHz, as shown in Fi
However, Ibulk at 15 MHz increases with stress time m
faster than that at the nearby frequencies.Ibulk displays a
peak at 15 MHz after a sufficient stress period. It reflec
strong self-accelerating mechanism ofDNit at 15 MHz,
namely, the higher stress-induced-interface traps result
higher ICP, and the largerICP creates more interface tra
Such a strong positive feedback process results in the a
mal increase ofDNit and the dramatic decrease oftBD at
those special frequencies.

The onset of the strong self-acceleration ofDNit and
ICP-SSat 5, 9, and 15 MHz is not as easily understood.

-

FIG. 3. Bulk currentsIbulkd during stress as a function of frequency.Ibulk is
averaged from the values measured at first 10 s during stress.
suspected to be correlated to resonant tunneling via near-.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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interface states.13,14As is well known, at the dynamic stre
with a square voltage wave form, inversion electrons f
the source/drain are able to tunnel into the near-inte
oxide states during the time interval of positiveVa sinversion
phase of the Si surfaced and the trapped electrons are abl
tunnel back and to recombine with substrate holes durin
time interval of negativeVa saccumulation phase of the
surfaced, resulting in ICP-SS.

11,12,15 These trap states are
sumed to be strongly localized, namely, enclosed by
barrier surroundings, hence they behave as eigensta
their energy wells.13 Electron tunneling through an ener
barrier between the Si surface and the trap states h
owner eigenfrequencies, which is mainly determined by
barrier height, the distance from Si surface, and the e
state of the well. A resonant tunneling may occur if the
quency of the applied stress is in consonance with the e
frequency of tunneling. Therefore, the onset of reso
tunneling is independent of the oxide thickness, the nitro
concentration, the device geometry, and the appliedVa, while
it is sensitive to the applied wave form. It is expected tha
variation of the risestrd and/or fall time stfd of the stres
wave form will alter the resonant behavior. We actually
served that the enhancement ofDNit is reduced astr and/ortf

FIG. 4. Stress timesTstressd evolution ofIbulk during bipolar stress at 13, 1
and 17 MHz.
of the square wave form increased, and no abnormalDNit
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enhancement exists under a sinusoidal wave form stre
the MHz region due to the reduction and absence o
interval timefsT− tr − tfd /2g; here,T is the stress period.

In summary, interface trap generation in the midcha
region of standard MOSFETs is enhanced under the dyn
stress of high frequencies, attributed to the charge pum
current to be contributed by near-interface states. At s
special frequencies in the MHz region, an abnormal enha
ment ofDNit occurs due to resonant tunneling between th
surface and the near-interface states. Special caution is
essary to ensure sufficient device reliability in practical
at MHz frequencies.
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