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Temperature-accelerated effects on dielectric breakdown of ultrathin gate oxide with thickness
ranging from 8.7 to 2.5 nm are investigated and analyzed. Although superior reliability for ultrathin
gate oxide at room temperature has been reported in recent literatures, a strong
temperature-accelerated degradation of oxide reliability is observed in this study. Experimental
results show that both charge-to-breakdow@),{) and breakdown fieldE,,) characteristics are
greatly aggravated for ultrathin oxide at elevated temperature. The Arrhenius plot also confirms that
the activation energies o,y and E,y increase significantly as oxide thickness decreases,
explaining the higher sensitivity to temperature for thinner oxides.199 American Institute of
Physics[S0003-695099)02024-7

Ultrathin gate oxide, which is beneficial for low supply down for oxide thickness ranging from 8.7 to 2.5 nm. Our
voltage and high driving capability, is indispensable for theexperimental results indicated that ultrathin oxide depicts a
continuous scaling of ultralarge scale integragtSl) tech-  much higher sensitivity to temperature.
nology towards smaller and faster devices. The reliability of ~ Test devices used in this study wemechannel MOS
ultrathin oxide is therefore of major concern in the fabrica-capacitors and transistors. They were fabricated with a con-
tion of state-of-the-art metal-oxide-semiconduct®diOS) ventional localized oxidation of silicolLOCOS isolation
devices. Recently, several studies have consistently showeédth n™ polycrystalline silicon gate on 6-ir{200)-oriented
that superior time-dependent dielectric breakdown charactei-type Si wafer. Gate oxides were thermally grown ig/i®,
istics are observed for ultrathin oxides at roomambient(with 1/6 flow ratio at temperatures ranging from
temperaturé:? Therefore, devices with ultrathin gate oxides 800 to 900 °C. Oxide thickness, ranging from 2.5 to 8.7 nm,
are expected to be more robust to process-induced damagias verified by ellipsometry and also by TEM on the moni-
However, strong temperature dependence of oxide breaior wafer. In addition, the thickness was also confirmed by

down has also been reported for gate oxide with thickness dftting the Fowler—Nordhein{FN) tunneling current on the
4 nm3 Since in real wafer processing, the gate oxide is subf bricated device3.Consistent results were obtained among

ntgree different methods. Constant current strgs€S and
rampedl —V measurements were performed to characterize
oxide reliability. For oxides thinner than 5 nm, the soft

jected to elevated temperature during many wafer processi
steps, it is therefore important to study the temperature

accelerated effects in ultrathin oxide for realistic reliability breakd q he breakd S
consideration. reakdown was used as the breakdown criterion.

. . .
The main purpose of this letter is to explore the tempera- _dF'?ﬁ_rek 1 show; ths f;loz’gbd \éailé%sogs ta f“T‘C"?” of
ture acceleration effects on ultrathin oxide breakdown. AJ-0XI0€ tICKNess under bo an stressing tempera-

though it is generally accepted that high temperature gelures. Constant current with a density of 200 mAfamder

grades oxide breakdown characteristics due to increase%ate mpctlon polarity(i.e., —Vy) was ap_plle_d. Typical
. . . . . voltage-time plot under CCS for 2.5 nm-oxide is also shown
interaction between tunneling electrons and oxide laftice,

. . ) in the inset of Fig. 1. It is worthwhile noting that for 2.5 nm
enhancing electron trap generation rateereby causing en- . . . . . .
S ; : oxide under this stressing condition, the dominant tunneling
hanced tunneling-induced trap generatiand reduced im-

. ; . mechanism is direct tunnelin@e.,Vy=V,— Vi{p<3.2V). It
munity to electrical stresshowever, the exact mechanism g ox— ¥g b V)'
. i S can be seen that the temperature-accelerated dielectric break-
involves remains unclear. Many recent studies indeed con;

firmed that wafer t wre duri o : (iiown is aggravated with decreasing oxide thickness, which
Irme at wafer temperature during processing IS a CruClgy y,q ;064 0 be correlated with the occurrence of soft break-

parameter for process-induced oxide degradation, and ga wn and will be discussed later. For the thinnest oxide used

oxide is mor8e susceptible to charg_ing damggg at elevateﬂ this study(i.e., 2.5 nm, more than three orders of magni-
ter.npera.turé’. However, these' studies are'l|m|te.d to gatey 4o inQyq degradation is observed when the stressing tem-
oxide thicker than 7 nm. In this Igtter, we mvestlggted the, erature is elevated to 180 °C from room temperature. As a
aggravated temperature acceleration effects on oxide breapésult, the robustness weakens substantially at high tempera-
ture, despite the superi@, 4 value at room temperature for
dElectronic mail: u8511531@cc.nctu.edu.tw 2.5 nm oxide. It is worthy to note that in many processing
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FIG. 1. 50% charge-to-breakdown measured at 25sdlid circle and

180 °C (open circlg under gate injection of-0.2 A/cn? as a function of .
oxide thickness. The area of all capacitors is ¥ °cn?. Insert shows FIG. 3. The temperature acceleration effects on breakdown fglg, The

typical V—t curves of charge-to-breakdown tests on 2.5 nm oxide at 25 andemperature is from 348 to 473 K. The polycrystalline silicon depletion
180 °C. effect is also taken into account. Activation enefglyis also given.

steps(e.g., plasma deposition and etching, CVD, ashing, and0.33 eV, indicating a very weak thickness dependence on
ion implantation, the real wafer temperature is higher than activation energy. For oxide thinner than 4 nm, however, the
the nominal process temperature, due to the heating effecgstivation energy shows a strong dependence on oxide thick-
by ion bombardment and electron heating, thereby exaceness. Specificallyz, increases to 0.5 and 0.66 eV for 3 and
bating the situation. 2.7 nm oxides, respectively. Thus, despite the sup&digr

The temperature-accelerated oxide breakdown was studior the 2.7 nm oxide at room temperatul®,4 becomes
ied in detail. As shown in Fig. 2, the 50%,4 values under worse than that of 8.7 nm oxide when the stress temperature
CCS injection are plotted against the reciprocal of absolutés elevated above 150 °C. The accelerated temperature de-
temperature(i.e., 1) for four different oxide thickness pendence on dielectric breakdown for scaled oxide may be
splits. From the activation energ¥f) of Q,4, as extracted ascribed to the increasing fraction of the structural transition
from the slope of the plot, the four curves can be roughlylayer (STL) which is the structural imperfection due to the
divided into two groups, i.e., those thicker or thinner than 4distorted Si—Q tetrahedron network as a result of high
nm. The activation energy increases by only 0.03 eV wherstress/strain in the Si/SiQnterface. In the STL, the exis-

oxide thickness decreases from 8.6 (B0 e\) to 4.2 nm  tence of suboxides (8D, SiO, and SO3) has been previ-
ously identified to exist by x-ray photoelectron spectt&

The built-in compressive strain in the Si—O bonds causes the
reduction of the B-O-Si average bond angle or the Si-—Si
second neighbor distan¢®!? In addition, the Si—H bond
which results mainly from post-metal anneal in forming gas
ambient and the stretched Si—O bond in the STL are pro-
posed to be the precursor of oxide breakdbihand is be-
Ea;,=0.33 eV lieved to be responsible for the temperature dependence of
Eag,=0.50 eV oxide breakdowr:* It has been reported that the tempera-
ture dependence of oxide breakdown can be ascribed to both
atomic and molecular hydrogen diffusion released from
Si—H bond breaking caused by the anode hole injettion
and that the presence of the compressive strain will lower the
diffusion barrier of those hydrogen-related speéfeSince
the STL thickness is approximately 1.0 nm for all oxid®s,

102 ¢
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10" |
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102 E
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i J=-02 Alem? the fraction of STL to gate oxide thickness will increase with
sl 0 scaling. Fourier transform infraredFTIR) spectroscopy
2.0 25 3.0 measurements further indicated that the strain at the/SIO
1000/T interface indeed increases as oxide thickness decrthses.

FIG. 2. The temperature acceleration effects on charge-to-breakdyyn, Therefore, the temperature acceleration effect will be en-

The temperature is from 348 to 473 K. Activation eneFyis also qiven. hanced for }Jlt_rathin oxides. : i : :
The stress current density is 0.2 A/ennder gate injection. Figure 3 depicts the Arrhenius piot of oxide breakdown
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99.9 jected to the 0.2 A/cfnstress until failure at 25 °Qcircles.

As shown in Fig. 4, by increasing the stress level from 0.2 to
1 Alcn?, three orders magnitude i®,4 reduction is ob-
served. This is because under higher stress levels, the domi-
nant tunneling process changes from direct tunn€lidp) to

(FN) tunneling, while electrons in the DT process typically
deposit negligible energy in oxides. More importantly, our
results also show that prestressing at elevated temperature for
even a small stress levét.g., 2 Clcrf) can lead to signifi-
cantQyq reduction in subsequent stressing at room tempera-
ture. Such results indicate that the cumulative natur®of

is accelerated at high temperature stress. Hence, both tem-
perature and stress level are important factorsJgg. One

can conclude that any low-level stressing experienced at high

99

90

Cumulative Failure (%)

—A— 25°C -0.2 AJem®
—&— 25°C -1 A/em®

o 150°C -0.2 Alem’ temperature during the real wafer fabrication process may
T LW =20 x 20 pm? —8— 25°C-0.2 Alem’ cause significant degradation of oxide reliability in the com-
Tox=2.5nm after 2C/em’@180°C pleted MOS devices with ultrathin oxide.
0.1 covd vl el vl el e .
o7 107 10 10" 102 10° 10" 05 106 In summary, we have studied the accelerated effects of

temperature on the breakdown characteristics of oxides as
thin as 2.5 nm. It is shown that temperature-accelerated ox-
FIG. 4. Cumulative charge-to-breakdow®y,) results for 2.5 nm oxide ide breakdown is strongly aggravated for ultrathin oxide.
stressed under four different conditions. Therefore, more attention should be paid to real wafer pro-
cessing steps that require elevated temperature in order to
ensure that gate oxide integrity for ULSI devices employing
Léltrathin gate oxide is not jeopardized.
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