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using zerd/p in extracting asymptoti® is minimal. A final note is Deuterium Isotope Effect for AC and DC Hot-Carrier

thatV7 extracted in this paper is intended for the threshold voltage ofDegradation of MOS Transistors: A Comparison Study

strong inversion, and a differeft may be needed for characterizing

the onset of subthreshold region. Zhi Chen, Kangguo Cheng, Jinju Lee, Joseph W. Lyding, Karl Hess,
and Sundar Chetlur

V. CONCLUSIONS

Design and modeling of submicron MOSFETS require an accurateAbstract—Several new phenomena are observed comparing the ac stress
theoretical definition for the threshold voltayie . A new approach for with the dc stress. In the initial stress period « 30 's), the deuterium isotope

definingVr has been proposed based on the intersection of the surfﬁgﬁc_t i_s smaller for ac stress than for dc stress, which is _ascribed to the
tential totes for the denleti d st . . ._hole injection. In the final stress stage > 10* s), the saturation of theG,,,
potenual asymptotes for the depleton and strong Inversion reg'()'aégradation stops and the&,,, degradation starts to increase again for ac

It was shown that the threshold voltage defined by such an approagss, which is probably due to the hole trapping.
offers a better agreement wﬂ_hr_ extracted from th_e drain-current Index Terms—CMOS, deuterium, hot-carrier, reliabilty.
versus gate-voltage characteristics than those predicted by the conven-
tional and other modified definitions. In particular, it was demonstrated
in the device simulation environment that the new approach provides |. INTRODUCTION
a greater accuracy than other existing definitions for both long- and

short-channel MOSFETSs having various oxide thicknesses and Sgb'_l'heddiscov?ry gfsthe gif’;\nt derl]Jterifuml izotr]opg gﬁegt ilndhot-lcarrier
strate doping densities. egradation of MOS transistors has fueled the industrial development

of the use of this effect to improve the reliability of integrated circuits

[1]-[8]. On the other hand, the deuterium isotope effect can be used

as an effective tool to help solve the long-standing mystery of hot-car-

[1] D. K. Schroeder,Se_miconductor Material and Device Characteriza-rjgr degradation mechanisms in MOS transistors [9]-[11]. Some re-

[2] gonJ ,I\_I;VJ,YXIjbaVchI:I:g’ ]-Sgtgngiconductor Device Physics and MO(]s_earcher§ .sug.ges.ted that th.e degradation is caused by both hole. and
eling. Boston, MA: Artech House, 1994. electron injection into the oxide [12]-[14]. Recently, we showed di-

[3] J. J. Liou, A. Ortiz-Conde, and F. J. Garcia SancHeesign and rect experimental evidence to support the new theory that the domi-
Analysis of MOSFETs: Modeling, Simulation and Parameter Extraqiant degradation mechanism is the direct interaction of hot electrons
tion. Boston, MA: Kluwer, 1998. . . . with Si—H/D bonds [9]-[11]. All of the above hot-carrier degradation

[4] T.A.Fjeldly, T. Ytterdal, and M. Shutntroduction to Device Modeling . . . . .
and Circuit Simulation New York: Wiley, 1998. expe_rlments are_car_rled out in dc stress. Hoyvever_, MOS trans_lstors in

[5] D. Foty, MOSFET Modeling with SPIGEEnglewood Cliffs, NJ: Pren- real integrated circuits work in an ac dynamic environment. It is very
tice-Hall, 1997. important to study the deuterium isotope effect for devices under ac

[6] Y. P. Tsividis, Operation and Modeling of the MOS TransistoNew  stress. In addition, the role of holes in the isotope effect is not very

o1 Z?g}t:\g?ggr?éveH\lll.l’Rl(?dsgéuez £ 1. Garcia Sanches. and 3. J. Liou. +Kl€@T- In order to collect more evidence, we study the ac stress with the
improved definition for modeling the threshold voltage of MOSFETS, gate pulsed from 0 to 3 V, because more holes are injected in this bias.
Solid-State Electronvol. 42, pp. 1743-1746, Sept. 1998. In this brief, we report for the first time, the study of the deuterium iso-

[8] X. Zhou, K. Y. Lim, and D. Lim, “A simple and unambiguous defini- tope effect in ac hot-carrier degradation.

tion of threshold voltage and its implications in deep-submicrom MOS ; _ ; ;
o T EEE Tar o Dovko 5 50 355 e ST 036 23 MOS psits wh me s
Apr. 1999. - phosp p

[9] S. Jain, “Measurement of threshold voltage and channel length of sugPD source and drain, oxide spacers, and three levels of metallization.
micron MOSFETSs,Proc. Inst. Elect. Eng., Circuit Developement andThe devices were annealed in 100% &t 100% B in conventional

110] §Y§te\r(715"0|-dl3'\>/l5“]ppb 162—“}36h4v ?98“8- based method f , tl{:GL:)rnace (one atmosphere) for 3 h. During the ac stress, the drain was

Ao Yanan . J.peen, ySiCally-pased metnod tor measuring : _
threshold voltage of MOSFETsProc. Inst. Elect. Eng., Circuit Devel- hnectedto a constz.:lnt voltage of 5,'5 V, while the gatg was pulsed be
opement and Systemal. 138, pp. 351-357, 1991. tween 0 V and 3 V with a pulse period ofy&, a pulsewidth of Js,

[11] A. Ortiz-Condeet al,, “A new approach to extract the threshold voltageand both the rise and fall times of 100 ns. In order to compare the ac
of MOSFETSs,"IEEE Trans. Electron Devicesol. 44, pp. 1523-1528, stress with the dc stress, the dc stress was carried out in similar devices
1997. .

and duty cycles of the ac stress were considered. For the dc stress, the

[12] M. Tsunoet al,, “Physically-based threshold voltage determination fo{ransist())lrsyare stressediat = 5.5 VandVy = 3V (maximumL., )
MOSFET's of all gate lengthsJEEE Trans. Electron Devicesol. 46, e G = . Hsub /-
pp. 1429-1434, July 1999. In order to assure that holes are injected into the oxide region above the

[13] J.J. Liou, A. Ortiz-Conde, and F. J. Garcia Sanchez, “Extraction of trghannel outside the draif;, should be larger than the critical drain
:hretholc_i voll\t/laget_ofl\l_/:OSFKETs: a; ove;\gg\;vfﬁm%l"'%”sg KongElec- yoltageV}; [14]. In our case, the critical drain voltadé’ was found
ron Device MeetingHong Kong, June » Pp. s1-3o. L e

[14] MICROTEC Manual Waterloo, ON, Canada: Siborg Systems, Inc.t; be_5(.)26\<./V\[/1e f°“”‘?' that l:}n(lje'_’ t_he ?Ondltlonbﬁd_ 5d5_|\_1]andf
1996. < = 0.6 V, the maximum hole injection was produced. Therefore,

we chosé/;, = 5.5 V for the ac and dc stress. The degradation tests
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Fig. 1. Time dependence of threshold voltage shift for n-MOS transistoFég. 3. Time dependence of the interface trap increment for n-MOS transistors
annealed at 450C for 3 h in 100% H and 100% D under ac stress and annealed at 450C for 3 h in 100% H and 100% DB under ac stress and dc

dc stress. The devices were stressed in dcmat= 5.5V, Vg = 0V, and stress. The devices were stressetigt= 5.5V, Vg = 0V, andVg(pulse) =
Va(pulse) = 0-3 V with a 24s period and a }¢s pulsewidth in the dark and 0-3 V with a 2-us period and a }+s pulsewidth in the dark and were stressed

were stressed indc &, = 5.5V, Ve =0V, andV, = 3 Vindark. indcatVp =5.5V, Vg =0V, andVs = 3 Vindark.
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Fig. 2. Time dependence of the transconductance degradation for n-M( (a)

transistors annealed at 43@ for 3 h in 100% H and 100% [ under ac
stress and dc stress. The devices were stresséd at 5.5 V;Vs = 0V, and

Ve(pulse) = 0-3 V with a 2-us period and a }¢s pulsewidth in the dark and 2.510°° T T T T T
were stressed indc &, = 5.5V, Vg =0V, andVy = 3 Vindark. : :’:::oo
" - L3

210 F| O Dp-10000s A‘AAAA E
were carried out using an HP4155A semiconductor parameter analy: 15109 [| 4 H-so0000s A . ]
The interface traps were monitored by charge-pumping (CP) measu ~ H__£& D-60000s a a ]
ments. The setup consists of an HP4155A, an HP E5250A switchil 59_ 1 10-9 [Positive N A R
matrix, and a Racal-Dana 2021 programmable pulse generator. T _e [ Charges  ,a* BAAAAAA -,
maximumG,,, was measured dp = 0.1 V and Vr is defined at 5 10-10 \A at o 4 3
Ip = 1 pA*WIL. The resolution for the voltage measurement is 2C i
V. o : ]

Figs. 1-3 show th& shift, G,,, degradation, and interface trap gen- ;

eration for both ac and dc stress. The giant isotope effect is obsen .5 10-10 [ L ; L 1 i L L
in all of the above three figures, indicating that the deuterium anne 6 5 -4 -3 -2 - 0 1 2
helps improving the reliability of the actual operating integrated cir Base Voltage (V)
cuits. It is also seen that the isotope effect for ac stress is smaller in 1
initial stage in all three figures than it is for dc stress. This is due to tr (b)

hole trapping in the initial stage because in our ac stress arrangeme .,

- . : ] Fig. 4. CP curves for n-MOS transistors annealed at%45@or 3 h in 100%
holes favor to be trapped in the oxide outside the drain. It was show't? (solid symbols) and 100% D(open symbols) under ac stress for (a) 10 s

previously that the interface traps created by trapped holes did not gxg () 60000 s. The devices were stressedat= 5.5 V, Vs = 0 V, and

hibit the isotope effect [9]-[11]. Therefore, for ac stress, in the initialz(pulse) = 0-3 V with a 24:s period and a }+s pulsewidth in the dark. The
Stage, less isotope effect should be observed. For dc stress, b@@aus@P current shift is defined as the ShifF at the half of the peak between the fresh
is fixed at 3V andp, is setat 5.5 V, holes do not favor to be trapped if"d the stressed devices processed in deuterium.

oxide. Therefore, for dc stress, larger isotope effects exhibit in the ini-

tial stage, as shown in Figs. 1-3. Fig. 4(a) shows the CP current for the deuterium-processed device shifts toward the left-hand side (LHS)
same n-MOS transistors stressed for 10 s in ac stress. The CP curvéfod.5 V in ac stress, while the curve only shift 0.2 V in dc stress (not
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shown here). Partially, this shift may be due to the positive charge [15].[7] P. J. Chen and R. M. Wallace, “Examination of deuterium transport
Although the nonuniformity of the damage also causes curves shifting  through device structuresfppl. Phys. Letf.vol. 73, pp. 3441-3443,

toward the LHS the magnitude of the shift in ac stress is too large to be[8] éggAB'B Devine. J.-L. Autran. W. L. Autran. W. L. Warren. K. L. Van-
considered solely as the nonuniformity [15]. leda "6 R "o Ardne: e

Uiy e ] heusdan, and J.-C. Rostaing, “Interfacial hardness enhancement in deu-
The most intriguing phenomena are observed inGhe degrada- terium annealed 0.26m channel metal oxide semiconductor transis-
tion as shown in Fig. 2. In Region |, th&,,, degradation increases tors,” Appl. Phys. Lett.vol. 70, pp. 2999-3001, 1997. S
rapidly. However, in Region II, th&,,, degradation begins to be satu- [9] Z. Chen, K. Hess, J. Lee, J. W. Lyding, E. Rosenbaum, I. Kizilyalli, S.
rated. This does not mean that generation of interface traps stops, be- Chetlur, and R, Huang, *On the mechanism for interface trap generation
C g . . . p ps, in MOS transistors due to channel hot carrier stressiltE Electron
cause Fig. 3 shows clearly the continuous generation of interface traps  pevices Lett.vol. 21, no. 1, Jan. 2000.
in Region Il. The(x,,, saturationis caused by less scattering from the in-[10] Z. Chen, K. Hess, J. Lee, J. W. Lyding, E. Rosenbaum, I. Kizilyalli, and
terface traps because the negative charges built up by the acceptor-type S- Chetlur, “Mechanism for hot carrier-induced interface trap generation
interface traps repel the channel electrons away from the interface. in MOS transistors,” ifEDM Tech. Dig, 1999, pp. 85-88. .

. . . . ] Z.Chen, “Physical and electrical properties of hot-carrier degradation of
looks that there is no saturation for the deuterium-processed transistor  \1os transistors processed in deuterium and hydrogen,” Ph.D. disserta-
(dotted line). However, if one takes a close look at the plotin Fig. 2, 0ne  tion, Univ. lllinois, Urbana, IL, July 1999.
can find a slight saturation at8 x 10* s for the D-processed sample. [12] S. K. Lai, “Two-carrier nature of interface-state generation in hole trap-
It is very surprising that for ac stress, at around $0theG,,, degra- ping and radiation damageXppl. Phys. Lett.vol. 39, pp. 5860, 1981.
dation starts to incr. in (Region I11). On the other handi th [13] G. Hu and W. C. Johnson, “Relationship between trapped holes and

atio Sa_‘ Stoinc ea_se aga ( egq )- € other handythe interface states in MOS capacitorsippl. Phys. Lett.vol. 36, pp.
degradation does not increase in Region 1l for dc stress. Inordertoun- 590592, 1980.
derstand the phenomena better in Region IlI, the CP currents for traft4] T. Tsuchiya, “Trapped-electron and generated interface-trap effects in
sistors stressed in ac for@ ands x 10* s are presented in Fig. 4(b). hot-electron-induced MOSFET degradation,”, vol. 34, 1987. _
Because the results from the16-point still represent Region Il and 1151 P- Hermans, J. Witters, G. Groseneken, and H. E. Maes, "Analysis of

4 . . the charge pumping technique and its application for the evaluation

those from6 x 10" s-point represent Region I, these results should of MOSFET degradation,[EEE Trans. Electron Devicesol. 36, pp.
reveal what happens in these two regions. Itis interesting to see thatthe 1318-1335, 1989.
CP current tails appear at the LHS6ak 10* s under ac stress, which
should be due to the positive charges [14]. This unique tail is the cause
for the increase in thé&',,, degradation during ac stress in Region I,
because at T0s, there is no such a tail. There is no such a tail either

in CP current for the H-processed transistoé at 10* s for dc stress

(not shown here). This is in agreement with the fact, as shown in Fig. 2, A Triple-Beam 6.7 GHz, 340 kW Monotron
that there is less increaseGh,, degradation in Region Il for dc stress.
The above evidence strongly supports that this unique tail is the cause Joaquim J. Barroso

for the G,,, degradation increment for devices stressed for ovérs10
These positive charges which should be trapped holes may attract the

channel electrons back toward the interface. This may increase the jnA:Pstract—The low-voitage monotron oscillator described in this brief
comprises a cylindrically symmetric cavity operating in the TMg4o mode,

terface scattering, causing the increase inCthedegradation. excited by three axially-directed hollow beams. The cavity geometry (radius
In summary, several new phenomena are observed comparing 8t cm, length 1.0 cm) and injection beam energy (10 keV) are determined

ac stress with the dc stress. In the initial stress perio80(s), the by a one-dimensional treatment disregarding space-charge forces. A 2.5-D

deuterium isotope effect is smaller for ac stress than for dc stress, whi@ficle-in-cell simulation is carried out for 0.4-cm thick beams at 80 A

is ascribed to the hole injection. In the final stress stagled‘ s), the current giving 340 kW output power at an overall tube efficiency of 14.2%.

saturation of thé&7,,, degradation stops and tli&,, degradation starts  Index Terms—Microwave generation, monotron, transit-time tubes.

to increase again for ac stress, which is probably due to the hole traps

accumulated at the interface.
|. INTRODUCTION

This brief addresses the monotron[1]—[3] in the low-current regime
by examining its capabilities regarding electronic tuning and high-ef-
[1] J. W. Lyding, K. Hess, and I. C. Kizilyalli, “Reduction of hot electronficiency operation. These issues are considered in Section Il, which

degradation in MOS transistors by deuterium processiAgpl. Phys. shows that the discrete frequency spectrum of the monotron instability

[2] Ilz.et:i’e\ézl' IG%plgzﬁizjﬁ_gr?S% ]\-/?/?E)./ding “Giant isotope effect in hot ?s_detgrmined by three parameters, T‘ame'y' the interactiqn I.ength, the
electron degradation of metal oxide silicon device&EE Trans. Elec- Injéction beam energy, and the amplitude of the RF electric field. As a

tron Devicesvol. 45, pp. 406-416, 1998. verification of the high-efficiency operating regime predicted by one-
[3] I. C. Kizilyalli, J. W. Lyding, and K. Hess, “Deuterium post-metal an-dimensional analysis, Section Il describes a 2.5-D patrticle-in-cell sim-
nealing of MOSFET'’s for improved hot carrier reliabilityEEE Elec- ulation of a triple-beam TMio, 6.7 GHz monotron where each beam

4] \t,r\? nFDgl\gflf '{.egvggréﬁbgpfgé_%oigf'hﬂ Watson. S. W. Mittl amdis injected into the resonant cavity at 80 A current and 10 keV energy.

J. S. Burnham, “Process stability of deuterium-annealed MOSFETsY€Ction 1V reviews the present work and highlights the merits of the
IEEE Electron Device Lettvol. 20, pp. 48-50, 1999. monotron with respect to the gyrotron.
[5] I. C. Kizilyalli, G. Abeln, Z. Chen, G. Webber, B. Kozias, S. Chetlur,
J. W. Lyding, and K. Hess, “Improvement of hot carrier reliability with
deuterium anneals for manufacturing multi-level metal/dielectrics MOS Manuscript received July 11, 2000; revised October 23, 2000. This work
system,”IEEE Electron Devices Leftvol. 19, pp. 444-446, 1998. was supported by the Research Assisting Foundation of the State of S&o Paulo
[6] T.G. Ference, J. S. Burnham, W. F. Clark, T. B. Hook, S. W. Mittl, K(FAPESP), Brazil. The review of this brief was arranged by Editor D. M. Goebel.
M. Watson, and L.-K. Han, “The combined effects of deuterium anneals The author is with the Associated Plasma Laboratory, National Institute for
and deuterated barrier-nitride processing on hot-electron degradatiorSipace Research (INPE), 12201-970 Sao José dos Campos, SP, Brazil.
MOSFET's,”IEEE Trans. Electron Devicesol. 46, pp. 747-753,1999.  Publisher ltem Identifier S 0018-9383(01)02378-4.
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