Al P ‘ Journal of
\ Applied Physics w17/
Comparison of oxide breakdown progression in ultra-thin oxide silicon-on-insulator

and bulk metal-oxide-semiconductor field effect transistors
M. C. Chen, S. H. Ku, C. T. Chan, and Tahui Wang

Citation: Journal of Applied Physics 96, 3473 (2004); doi: 10.1063/1.1776640

View online: http://dx.doi.org/10.1063/1.1776640

View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/96/6?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in

Tunneling spectroscopy of electron subbands in thin silicon-on-insulator metal-oxide-semiconductor field-effect
transistors

Appl. Phys. Lett. 96, 112102 (2010); 10.1063/1.3360224

Soft breakdown enhanced hysteresis effects in ultrathin oxide silicon-on-insulator metal-oxide-semiconductor
field effect transistors
J. Appl. Phys. 96, 2297 (2004); 10.1063/1.1773384

Enhanced electroluminescence in silicon-on-insulator metal—-oxide—semiconductor transistors with thin silicon
layer
Appl. Phys. Lett. 82, 4830 (2003); 10.1063/1.1587877

Low-frequency noise overshoot in ultrathin gate oxide silicon-on-insulator metal—oxide—semiconductor field-effect
transistors
Appl. Phys. Lett. 82, 1790 (2003); 10.1063/1.1561575

Nitrided thermal SiO 2 for use as top and bottom gate insulators in self-aligned double gate silicon-on-insulator
metal—-oxide—semiconductor field effect transistor
J. Vac. Sci. Technol. B 19, 800 (2001); 10.1116/1.1364698

AIP - Re-register for Table of Content Alerts

Publishing

Create a profile. D Sign up today!



http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/52631116/x01/AIP-PT/JAP_ArticleDL_041614/aipToCAlerts_Large.png/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=M.+C.+Chen&option1=author
http://scitation.aip.org/search?value1=S.+H.+Ku&option1=author
http://scitation.aip.org/search?value1=C.+T.+Chan&option1=author
http://scitation.aip.org/search?value1=Tahui+Wang&option1=author
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.1776640
http://scitation.aip.org/content/aip/journal/jap/96/6?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/96/11/10.1063/1.3360224?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/96/11/10.1063/1.3360224?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/96/4/10.1063/1.1773384?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/96/4/10.1063/1.1773384?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/82/26/10.1063/1.1587877?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/82/26/10.1063/1.1587877?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/82/11/10.1063/1.1561575?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/82/11/10.1063/1.1561575?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvstb/19/3/10.1116/1.1364698?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvstb/19/3/10.1116/1.1364698?ver=pdfcov

HTML AESTRACT * LINKEES

JOURNAL OF APPLIED PHYSICS VOLUME 96, NUMBER 6 15 SEPTEMBER 2004

Comparison of oxide breakdown progression in ultra-thin oxide
silicon-on-insulator and bulk metal-oxide-semiconductor field
effect transistors

M. C. Chen, S. H. Ku, C. T. Chan, and Tahui Wang®
Department of Electronics and Engineering, National Chiao-Tung University, HsinChu, Taiwan

(Received 19 January 2004; accepted 3 June 2004

Enhanced oxide breakdown progression in ultra-thin oxide silicon-on-insulattype
metal-oxide-semiconductor field-effect transistors is observed, as compared to bulk devices. The
enhanced progression is attributed to the increase of hole stress current resulting from breakdown
induced channel carrier heating in a floating-body configuration. Numerical analysis of hole
tunneling current and hot carrier luminescence measurement are performed to support our proposed
theory. This phenomenon is particularly significant to the reliability of devices with ultra-thin oxides
and low operation gate voltage. )04 American Institute of PhysidOIl: 10.1063/1.1776640

I. INTRODUCTION ide BD evolution. The objective of this paper is therefore to
investigate floating body effect on BD progression rate. A

The aggressive scaling of advanced complementarynodel based on breakdown induced channel carrier heating

metal-oxide-semiconductaiCMOS) field effect transistors will be proposed to explain the observed phenomenon.

(MOSFETS has pushed the gate oxide thickness towards its

limit in terms of reliability’™ In ultra-thin gate oxide

MOSFETs, oxide breakdowiBD) has been shown to evolve !l DEVICES AND EXPERIMENT

in a continuous manner from initial stages to final

shorting>’ Previous study has shown that a small increase i

gate leakage due to oxide BD does not disrupt circuit oper

tion, and the failure criterion should be changed to a highe

level of gate Ieakag%‘:9 Therefore, the oxide failure time is

The devices in this work were made with an optimized
rb.13,u,m CMOS process omp-type SOI wafer and have a
gate length of 0.5um, a gate width of 2um, and an oxide
hickness of 1.6 nm. The gate oxide was grown with rapid
, X g ) plasma nitridation process. The test devices have an H-gate
determined by BD hardness involved in a progressive PrO%tructure with an additional contact to facilitate the measure-

cess, or in. other words, by BD evolution rate. Presently, th'?‘nent of the body current and voltage. In this paper, all de-
SIIlcoh-on-lnsuIator(SOD technology has emer.ged'to be a vices were stressed at constant gate voltage with the source
candidate for advanced CMOS technology for its higher P€Tand drain grounded. Figure 1 shows typical BD evolution in
formance. The BD progression in conventional bulk CMOSa 1.4 nm oxide and a 2.5 nm oxide bulk pMOSFETs. In the

. 0-12 . . . . . . .
d(_aw_ceé . has bee_n widely lnvestlg_ated. In this paper, we; 4 nm gate oxide pMOSFET, oxide BD is evolved in a pro-
will investigate the influence of floating body effect on BD gressive way, and the gate leakage current increases gradu-

progression in partially deplet¢&D) p-type SOl MOSFETSs. ally with stress time. As a contrast, the 2.5 nm oxide

Several concerns of hard breakdown evolution in ultra- o . .
. . _ . MOSFET exhibits an abrupt jump in gate leakage current
thin oxides have been proposéd?Monsieuret al.’ reported P ptJump In g 9

after BD. Since a slight gate leakage increases due to oxide

that f(l)r Iowhgatde stre;s .blas, fthﬁ d?;gd gercljerafuon rat(;,-] bbe'r@D is considered to be nondestructive for circuit operafion,
very low, the degradation of the conduction path be- ¢ gefine oxide breakdown timgp and device fail timey;
comes macroscopic and can last thousands of seconds even

in the case of accelerated test. Liné¢ral® showed that the

growth of BD current could be exponentially dependent on = 10 RN “_‘10 "‘/02";
gate bias, oxide thickness, and any other parasitics, such as g rPMOS WL =10um/0. ”m1
inversion layer resistances, altering the observed growth rate < 10° ]
drastically. Alamet alindicated that circuits do continue to E [t0x=1-4 nm

operate after the first soft breakdoW®BD), and suggested ’5 [ y \ 1
that the standard reliability specification is too restrictive, O 107} . tap progressive |
and should be redefined, particularly for pMOS devices. In £ ¢ =2.5 nm breakdown
ultra-thin oxide pMOSFETSs, enhanced gate oxide BD growth o o ]
rate was observed with a negative substrate Yi&urther- 10° TR T T
more, the floating body configuration of partially depleted Stress Time (sec.)

SOI CMOS may result in a nonzero body voltage due to

various body charging mechanisjrﬁ‘§8 and thus affects ox- FIG. 1. Comparison of breakdown behavior in a 1.4 nm oxide pMOSFET
and in a 2.5 nm oxide pMOSFET. The stress gate voltage is -3 V for the
1.4 nm oxide and -4.5 V for the 2.5 nm oxidgp denotes the onset time of
¥E|ectronic mail: twang@cc.nctu.edu.tw oxide breakdown.
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FIG. 2. Oxide breakdown progression in bulk and SOI pMOSFETs. Thengted. The floating body configuration corresponds to a body voltage of
stress gate bias is -2.9 V and temperature is 125°C. approximately —0.65 V. The inset illustrates carrier flow in a pMOSFET at
a negative gate bias.

as the time when the gate leakage current reaches 1.5 times

and 15 times its prestress value, respectively. charging processes. In an ultra-thin oxide pMOSFET, the
gate stress current may have comparable electron and hole
IIl. RESULT AND DISCUSSION components at a negative gate bias. To analyze the polarity

of dominant stress current in a pMOSFET, a charge separa-
tion technique is utilized to measure electron stress current
Figure 2 shows the gate leakage current evolution withand hole stress current. The inset of Fig. 4 illustrates the
stress time at a stress gate voltage/g-2.9 V for various  carrier flow at a negative gate bidg,denotes electron cur-
applied substrate bias€¥g;,) in pMOSFETs. The oxidésp is  rent and comes from valance-band electron tunneling from
almost the same for different substrate biases. This can kbe gate electrodégy stands for hole tunneling current from
understood because oxide defect generation rate is dependéné inverted channel. The substrate bias dependence of elec-
on injected charge energy and fluence during stf&8ére-  tron current and hole current before and aftgyis shown in
gardless of applied substrate bias. After the onset of BD, th€ig. 4. Note that the electron and hole currents in a fresh
BD growth rate exhibits an apparent dependence on substratievice are independent of substrate bias. Interestingly, the
bias. A forward substrate bias can significantly enhance BIpostigp hole current, unlike the pre-BDy, andly exhibits
growth rate. It should be noted that the SOI device witha significantV, dependence. Furthermore, Fig. 5 reveals that
floating-body configuration has the worst BD progressiontheV,, dependence of the poidp hole current increases with
rate in Fig. 2. The statistic Weibull distributions of oxitlg, BD evolution. Since the hole stress current dominates gate
andtg,; for SOI (floating substrateand bulk(grounded sub- stress duringBD) evolution and increases with a forward
strate¢ pMOSFETSs are plotted in Fig. 3. Although the float- body bias, the enhancgBD) progression in a floating body
ing substrate configuration does not affegs, it does cause configuration can be understood.
a two times shortet;,; than in bulk pMOSFETS.

A. A shorter  fiy in SOl pMOSFETSs

B. Mechanism of enhanced BD progression in SOI C. BD caused carrier heating

The floating body configuration of SOI devices may re- ~ Since the postgp electron current does not exhibi,

sult in a small forward body voltage due to various bodydependenceFig. 4), the possibility that the/, dependence
of the posttgp hole current is caused by the variation of

effective gate-to-channel voltage resulting froy modu-

2 . r . , ;
pMOS a o lated channel resistance can be excluded. Otherwise, the
1} 2 6 soI & 3° - postigp I, should have the sam¥, effect as the post-
& | 4 ¢ Bulk &
= ol ¢ J
vt BD 3
N’ N\ t - ressed [
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FIG. 3. The Weibull plots ofgp andts,; distribution for 1.6 nm oxide SOl  FIG. 5. TheV,, dependence of the hole currdgj at different stress times,
and bulk pMOSFETSs. The stress gate bias is —2.9 V and the temperature fgt;,t,, andts. I is normalized to its value a¥,=2 V. Gate current vs
125°C.tgp andt;,; are defined as the time for gate current to reach 1.5 timesstress time in a stress condition\gf=-3.2 V andT=25°C is shown in the
and 15 times its prestress value, respectively. inset.
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FIG. 6. Spectral distribution of light emission in a 1.4 nm oxide pMOSFET Substrate Bias (V)

atVy=-2.5V. The extracted carrier temperature from the high-energy tail

of the spectrum is around 1300 K. FIG. 8. Simulated substrate bias effect on hole tunneling current in a 1.6 nm

oxide pPMOSFET.l is normalized to its value a¥,=2 V. SimulatedV,
=-15V.
tep lsp- Moreover, substrate impact ionization and negative

bias-temperature instability effects are also excluded because To show that the rise of hole temperature may account
the Elfe?d c;]f thg\/b dgpendehnce IS .oppfosne.d q ¢ for the observed/,, dependence, we calculate the hole tun-
0 further investigate the origin of thé, depen ence o neling current with hole temperature at 300 K and 1300 K.
the pOsttep holle current, \./ve'measured the spectra} distribuy, oy calculation, we solve the coupled Poisson and
tion of hot carrier light emission before and aftgs (Fig. 6). Schrédinger equations to obtain the subband structure for the

'Ih'_heh light inten_TiQ; is greatly increasleg_aft_zr (.)Xid_e C;B_D' Theinversion holegFig. 7). A simple one-band effective mass
igh-energy tail of the podky, spectral distribution indicates approximation is used for simplicity. The hole tunneling cur-

the rise of the carrier temperature. Similar finding was alsorent is calculated according to the Tsu-Esaki forfRila
reported by other grougf8.The extracted carrier temperature

from the high-energy tail of the spectrum is around 1300 K
[Fig. 6(b)]. There are two possible theories to explain the rise
of channel carrier temperature at a BD spot. First, based on
the model proposed by Rasresal.?® the gate voltage may = In{1 + exg (E, ~ E¢)/ke T, (1)
penetrate into the substrate after BD and causes lateral ﬁeWhereEf (E;.
heating of channel carriers. However, this process is un"ke%ate and D,

hgrg since _the posp electron current and hole currept have subbandm’ is the hole effective mass in Si. Other variables
distinctly differentV,, dependence. The second possible rea, e their usual definitions. It should be emphasized that it is
son is that high-dissipated energy, released by valence elefy, o intention to consider detailed trap-assisted charge
trons tunneling from the gate through the BD path, will lo- transport in the BD path. It is also not our intension to cal-

cally produce a rise of hole temperature. A temperature rangg jate the precise current value before and after oxide BD,

of 1000 to 2000 K was estimated in Ref. 24. Electron-holesinCe the BD area and BD caused effective oxide thinning

scattering or Auger recombination is suspected to be the r&,nnot he easily determined. Instead, our purpose is to inves-
sponsible energy transfer process. tigate the effect of hole temperature on the inversion hole
distribution in different subbands and the corresponding sub-

Isd: qu(ﬁ,)kBTEn Dn(ln{l + eXFi(En - Ef)/kBT]}

) denotes the Fermi energy in the chan(pally
is the hole tunneling probability of the nth

o strate bias effect on hole tunneling current. Therefore, a
(a) Hole temp. at 300°K _ _ g curr
simple WKB formula for direct tunneling is employed for
n-sub. n-sub. D,
*—I; Our result in Fig. 8 clearly shows that the hole tunneling
L current exhibits a largev, dependence at 1300 K. The simu-
-« lation can well interpret the measur®y dependence of the
o TABLE I. Calculated distribution of channel holes in the lowest three sub-
(b) Hole temp. at 1300°K bands. The gate bias in simulation is —1.5 V. The parameters used in simu-
lation is m*(Si)=0.67 m,, m*(SiO,)=0.55 my, ¢, (hole barrier height at
n-sub. SiO, interface=4.25 eV, t,=1.6 nm, and Ng (substrate dopingl
n-sub. 8 A3
X 101 cm 3,
(—38:
: 4"\' Channel hole dist%6)
- "\ lower tunneling 300 K 1300 K
barrier Subband Vy=-05  Vp=2  V,=-05 V=2
vb=2V Vb=-0.5V 1st 96.6 99.5 39.8 99.4
2nd 3 0.5 18 0.6
FIG. 7. lllustration of hole distribution in subands at a hole temperature of  3rd 0.3 0 11.6 0

300 K and 1300 K. Higher carrier temperature results in a lavjezffect.
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FIG. 9. Substrate bias dependence of the post-BD hole current at various

gate biasesyg is normalized to its value af,=2 V. SOl and bulk pMOSFETs at various gate stress biases. Ac-
celerated BD progression is noticed in SOI samples and the

postigp lsg by simply using an elevated hole temperature.trend becomes more apparent at lower gate stress biases.
The trend in Fig. 8 is similar to the measurégldependence Figure 12 shows the range of oxide thickness and stress gate
in Fig. 5. To explain the temperature effect on ¥edepen-  Voltage, where the hole current component is dominant in a
dence in more detail, the distribution of inversion holes infresh device and after breakdown. For example, for an oxide
the lowest three subbands is given in Table |.74t300 K,  thickness of 1.6 nm, hole current is dominant in stress for
channel holes mostly reside in the first subband no matter dfg<<2.5 V in a fresh device and fov;<3.0 V after BD.
V,,. At T=1300 K, a large part of holes are thermally excitedHigh-energy electron impact ionization does not need to be
to higher subbands at a forward body voltageD.5 V),  considered untiVy is above 3.5 V. Figure 12 also reveals
where the oxide tunneling probability is larger. Thus, a muchthat the hole current dominant region increases not only with
larger hole tunneling current is obtained at negative bodyBD progression but with decreasing oxide thickness. It im-
voltages. plies that the floating body enhanced BD progression will
become more significant as oxide thickness scales down.

IV. THE IMPACT OF GATE STRESS BIAS

From previous discussion, thé, dependence of hole V. CONCLUSION
stress current was identified to be the origin of the floating- . i
body enhanced BD progression. Now, the impact of gate N ultra-thin oxide SOI pMOSFETs, breakdown progres-
stress bias scaling on the enhanced BD progression is efiOn iS aggravated by a forward body bias. An enhanced
plored. Figure 9 shows thé, dependence of BD current at POStisp gate current is observed in SOI devices due to the
various measurement gate biases. Te dependence is charging of the floating body. Numerical analysis s_hows that
more distinguished at a smaller gate bias. Figure 10 Shov@evb enhanced hole stress current can be explained by the
the range of the gate stress bias where hole current is donificrease of hole temperature at the breakdown spot.Vghe
nant. The hole current dominates gate stress at small gagecelerated BD progression is more significant at a lower
biases(less than~3.0 V) and the hole component of the Stress gate bias and for a thinner oxide.
stress current increases during BD evolution. This result is
consistent with the findings in Fig. 9 that a largg depen- 5

dence of the post-BD stress current is obtained at smaller .
gate voltages. Figure 11 compares the 63% time-to-failure in = 4 progressive BD ]
- / impact ionization
o «
3 &
0 s 3
_— - Ib progressive BD 1 >
= S sd - 8
E 10 | < 2}
= ’ &
g fresh ]
2 107 resh 4 1 . ; .
3 /. deviee 10 15 20 25
1P X , Oxide Thickness (A)
0 -1 2 3
Gate Voltage (V) FIG. 12. The range of oxide thickness and stress gate voltage, where the

hole current component is dominant in a fresh device and after breakdown
FIG. 10. Gate bias dependence of electron current and hole current in @ e represents hole current or electron current dominant regime,
fresh pMOSFET and during progressive BD. respectively.
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