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Abnormal enhancement of interface trap generation under dynamic oxide
field stress at MHz region
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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 phenomend@00® American Institute of
Physics [DOI: 10.1063/1.1857083

Devices under ac stresses may display different degradavhile the substrate, drain, and source were grounded. The
tion behaviors as compared to those under dc strésSés.  substrate currert bulk) Was monitored during stress. Before
has been found that the trap generation and trapping rates &nd after stress, the interface trap densitly) in the mid-
thin gate oxide films is reduce@nd the time to breakdown channel region was measured using a recently developed
(tgp) is enhanced significantly under bipolar stré8©n the  direct-current current-voltageDCIV) method®® which re-
other hand, the interface trap generatigklN;) under dy-  quires smaller measurement voltage and is easieNfax-
namic stresses has been observed to be frequendsaction than the conventional charge pumping method. A
dependen?f.‘6 However, the frequency dependences reportedlose correlation between the DCIV peak, the threshold volt-
in literature are controversial. For example, Rosenbaim age shift, and the transconductance degradation has been
al.* observed thaAN; under bipolar stress increases first andobserved.
then decreases with stress frequency with a maximum at Figure 1 shows the frequency dependence of interface
around 2 kHz, while Cheet al” reported that\N;, is essen-  trap generatiof AN, =N (stressefN,(fresh) after bipolar
tially independent of frequency at frequencies less than 3@nd unipolar(positive and negativestresses between 1 and
kHz and increases with frequency at frequencies larger thap0 MHz for two typical samples withFig. 1(a)] 2.34 nm
30 kHz. We also found similar frequency enhancement apure SiQ and[Fig. 1(b)] 3.48 nm oxynitride with nitrogen
high frequencies, but the enhancementAdf; saturates or concentration of 12%. Three peaks®R;; can be identified
decreases at the MHz regioh®®~10’ Hz).° The above dis- at the frequencies of 5, 9, and 15 MHz on almost frequency-
agreements may be attributed to the differences in the geonmdependent baselinAN;;,, with higher peak at higher fre-
etry of tested devicege.g., the gate oxide thickness, the quencies. All other devices with different nitrogen concen-
channel width/length ratio, el¢.the stress setu7pthe wave trations, equivalent oxide thickned€OT), and channel
form of stress voltagée.g., the rise and fall tim¢s®tc. Fur-  width/length ratio show similar abnormalN;; enhancement
thermore, the step of stress frequency in previous studies & the same frequency positions. The peak position is inde-
usually quite large(normally one order of magnitugle pendent of the device geometry as well as the amplitirige
Therefore, information near the “turn-around” frequencyand polarity of the stress voltage. TN, peak increases
may be lost. In this letter, a fine frequency dependence at theéharply asv, increases, resulting in an abnormal reduction of
MHz region was studied with a step of 1 MHz. An abnormalt,; at those frequencig@ot shown. For the sample of Fig.
enhancement of interface trap generation occurs at some spRb), tg is about 71 s at 15 MHz bipolar stress, and is much
cial frequencies, resulting in a dramatic decreaseéggfat  shorter than those stressed at other frequencies. Here, the
those frequencies. breakdown is identified as the suddenly increasing ,gf

Polycrystalline silicon gaten-channel metal-oxide- during stress, and no DCIV peak can be detected after break-
semiconductor field-effect transistoIOSFETS with a  down due to the overwhelming sour¢grain) junction cur-
lightly doped-drain structure fabricated by a standard procesgent.
were tested in our studies. Gate dielectrics are pure or Figure 2 compared the stress time evolutiomdf, un-
plasma-nitrided Si@ films with a base Si@ thickness of der dynamic stresses at 15 MHz and under dc stresses. All of
2.34 nm or 3.48 nm. The devices were stressed by applyinghem obey a power law with a quite close exponent, i.e.,
a square wave form voltage with a duty factor of 50% and~0.40 for negative polarityunipolar and di ~0.34 for
the rise and fall time of less than 8 ns on the gate electrodgositive polarity, and a value between thém0.39 for the
bipolar stress, implying that the dynamics&N;; generation
author to whom correspondence should be addressed; electronic maifit 15 MHz dynamic stresses may be similar to that at dc

nakajima@sxsys.hiroshima-u.ac.jp stresses. The larger than 0.25 exponent suggests that the in-
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\ Ef I:Hj/ frequency.l,, includes the average dc tunneling currents
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5 andlcp [<AF(f)-f, wheref is a stress frequency amF(f)
\ D‘D'D[ is a filling factor] to be contributed by both interface states
,o 3 (fast stateslcp r9 and near-interface statgslow states,

fo¥ ,o-O Ry -0 O -0
O lcp. S§ Except at frequencies around 9 and 15 MHgy, of
A/A\A\A/A\A/A D—p bipolar stress is almost linearly proportional to the frequency,
10° X , , while that of unipolar stresses is almost independent of fre-
0 5 10 15 20 quency. Notice that at the ffequency range used Hepess
Stress Frequency (MHz) still depends on frequency linearly, whilgs_ssbecomes al-

most frequency independéhibecause the filling factor of
FIG. 1. Frequency dependence of interface trap generation under MHz dyslow states decreases at a much lower frequency
namic stress of two types eFMOSFETS;(a) Pure SiQ with EOT of 2.34 (~1 MHz) than that of fast states. It reflects thap.gsis the

nm, channel widthvlengtii/L)=10 um/10,um, andV,=2.9 V. and (b) dominant component of at the bipolar stress, while
plasma-nitrided Si@with EOT of 2.94 nmW/L=10 um/10 um, andV, P bulk p

=3.8 V.. The duty factor of the stress wave form is 50% and the stress timécp(=lcp-rstlcp-sg iS negligible at the unipolar stress be-
is 300 s. cause the voltage swinys,) is not large enough foirep in
the unipolar stress cases. However, the baselin®Nf for
é)lpolar stress in Fig. 1except the abnormalN; enhance-
ment around 5, 9, and 15 Mhizloes not display frequency
lependence. It suggests that thi; enhancement is mainly
induced bylcp.sg rather thanlcp_ 5 (Ref. 6 even though

terface trap generation is reaction limited according to th
reaction-diffusion model® The larger exponent of negative
polarity indicates that the negative voltage stress may gene

ate interface traps more effectlvély
. . I cp.ssiS much smaller thah-p_rg We suspect that the abnor-
The enhancement akN; under bipolar stress at high mal increase of\N,, in Fig. 1 and the fluctuations df,

frequencies has been attributed to a contribution of recombi-
nation of trapped electrons with holes from the substrate? around 9 and 15 MHz in Fig. 3 are both closely correlated

and may also be attributed tgp.sg Similar oscillations of
\évzlr?gv:/z 'g\?::glgi azta tﬁg?{gﬁ fg ?g:‘ns%rzl;rsri%% fL'J:r:?:E(r)i of thedJg,/df versusf curves have also been observed in Fig.
ulk 7 of Ref. 12 at the 19-10' Hz range, but the authors just

ignored this phenomenon. The absencelgfi peak at 5

10" MHz may be simply due to the fact thatp.ggat 5 MHz is
dynamic stress too small to be distinguished as theN; peak at 5 MHz is
(15MHz, 2.8V) also much smaller than that at 9 and 15 MHz.
- o bipolar =t**® Figure 4 shows,,, during bipolar stresses at 13, 15, and
¢ o positive unipolar 17 MHz, respectively. At the beginning of stregg,, at 15
510“’? % MHz is between those of 13 and 17 MHz, as shown in Fig. 3.
> a ne%f}ive unipolar However, I, at 15 MHz increases with stress time much
= ot faster than that at the nearby frequenciggy displays a
;-:’ de stress (3.4V) peak at 15 MHz aﬁer a sufficient. stress period. It reflects a
] e positive dc «t*® strong self-accelerating mechanism AN; at 15 MHz,
10°. 14 negative do «t*® namely, the higher stress-induced-interface traps results in a
higher Icp, and the largel op creates more interface traps.

10° 161 162 1(')3 10* Such a strong positive feedback process results in the abnor-
mal increase ofAN; and the dramatic decrease @, at

those special frequencies.

FIG. 2. Stress timéTg,.sd evolution of interface trap density induced by The onset of the strong self-acceleration &; and

dynamic stresses at 15 MHipolar, positive, and negative unipoland dc ~ cp-ssat 5, 9, and 15 MHz is not as easily understood. It is

stresses. They obey a power law with an exponent between 0.32 and 0.4suspected to be correlated to resonant tunneling via near-
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10 T , . . enhancement exists under a sinusoidal wave form stress at
iy during bipolar stress at V,=2.9V the MHz region due to the reduction and absence of the
6.5F Frequency=15M interval time[(T—-t,—t;)/2]; here,T is the stress period.
In summary, interface trap generation in the midchannel
—~ 6.0F h region of standard MOSFETSs is enhanced under the dynamic
:’é o Frequency=17MHz stress of high frequ_encies, attribut(_ad to the charge pumping
<55F 1 current to be contributed by near-interface states. At some
3 ’ special frequencies in the MHz region, an abnormal enhance-
soF Frequency=13MHz | ment of AN;; occurs du_e to resonant tunnellng betwe_en t_he Si
) surface and the near-interface states. Special caution is nec-
45 essary to ensure sufficient device reliability in practical use
0 50 100 150 200 250 300 at MHz frequencies.
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