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Abstract: A simple new method based on the measurement of charge pumping technique is proposed to separate and

quantify experimentally the effects of oxide-trapped charges and interface-trapped charges on threshold voltage

degradation in pchannel metal-oxide—=emiconductor field-effect transistors (pM OSFETs) under hot-carrier stress.

Further, the experimental results verify the validness of this method. It is shown that, all three mechanisms of elec—

tron trapping effect, hole trapping effect and interface trap generation play important roles in p-channel MOSFET s

degradation. It is noted that interface-trapped charge is still the dominant mechanism for hot-carrier-induced degra—

dation in p-channel MOSFETs, while a significant contribution of oxidedrapped charge to threshold voltage is

demonstrated and quantified.
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1 Introduction

It is well known that the hot-carrier effect be—
comes an important reliability issue with the di-
mensions of the MOSFET devices scaling down to
submicrometer level'' *'. Due to the hot-carrier ef-
fect, threshold voltage ( Vu) of the device can be
shifted, which will degrade the speed and current
drive of device.

Under hot-carrier stress, threshold voltage

caused by hot-carrier-induced
14,51,

degradation is

Coulomb scattering centers interface-trapped
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charge and oxide-rapped charge. Understanding
the roles these charges play in threshold voltage
degradation is essential for prediction of threshold
voltage behavior under hot-carrier stress. It is well
known that interfacetrapped charge and oxide-
trapped charge have different time dependencies of
buildup and different annealing properties'®. As a
result, different hot-carrier stress modes give rise
to different relative amounts of interface-trapped
charge and oxide-trapped charge. Therefore, it is
necessary to quantify the effects of both trapped
charge components separately. However, it is diffi-

cult due to the fact that the effect of oxide charge
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trapping on device degradation is normally com-
bined with, and masked by, the effect of interface
traps. Moreover, it has been proposed that elec—
trons generated by impact ionization can be injected
into the oxide along with the injection of channel
holes. Oxide charge is created when electrons and
holes are trapped in the oxide. For a better under-
standing of degradation mechanisms and modeling
of hot-carrier-induced damage, it is desirable to de-
velop a technique to quantitatively determine the
effects of interface trap generation and oxide
charge trapping on device degradation.

In recent studies' ", Cheng et al. proposed a
new technique to separate and quantify the effects
of hot-carrier-induced interface trap creation and
oxide charge trapping on the degradation in pMOS-
FETs by using the hydrogen/deuterium isotope ef—-
fect. However, no clear relation between threshold
voltage shift ( AVw) and oxide trapped charges
(ANa) was obtained by this method. And their
method is complex in nature due to additional an-
nealing process in H2 and D2 In addition, other
studies'” show that electron injection exists under
all of hot-carrier stress conditions in pMOSFETSs,
which was also observed in our experiments. It in—
dicts that it is difficult to find a stress condition,
where the generation of interface trap is the only
degradation mechanism, as a criterion in Cheng’s
method.

In this paper, a simple and effective method to
separate the effects of oxide-trapped charge and in-
terface-trapped charge on threshold voltage in
pM OSFET s under hot-carrier stress is demonstrat—
ed. The validness of this method is demonstrated
by applying it to quantify the effects of interface
trap generation and oxide charge trapping on the

threshold voltage shift in deep submicron pMOS-
FETs.

2 Method description

It is well known that the total threshold volt—

age shift, AVu (1), is due to two factors: (1) the

evolution of the net gate oxide trapped charge,
AN o, (located at a distance xa from the Si/Si02 in-
terface) and (2) the generation of the Si/SiO2 in-
terface trap charge, AN ", Assuming that xa is
close to the Si/SiOx interface''", the threshold volt—
age degradation can be expressed as a function of
two variables, AN« and ANu. The corresponding
total threshold voltage shift, AVu(t) due to hot-
carrier stress can be expressed as the sum of two
components: the effect of oxide-trapped charge,
AVina (t), and the effect of interface-trapped
charge, AVu.xu(t). Then, for different devices under
different stress conditions, we have:

AVL(1) = AVisa(t) + AVisa(t) (1

AVA(1) = AVisa(t) + AViesi(2) (2)

where the superscript 1 and 2 represent different
devices under different stress conditions, respec—
tively. Further, according to above equations. the
difference of threshold voltage shift between these
two transistors is expressed as
AVi(t) = AVE(t2) = (AViosa(t) = AViisa(t2))
+ (AVihoa(t) = AVisi(t2)) (3)
To simplify this equation, a condition is added to
our analysis. It is known that when equal numbers
of interface traps are created in these two transis—
tors,

AN (1) = ANi(12) (4)
where t1 and 2 represent the stress time required to
generate a given number of interface traps under
The

threshold voltage shifts due to interface trap cre-

different stress conditions, respectively.
ation are the same in both devices,
AViosi(t) = AViosa(t2) (5)
Combining Eqs. (3) and (5),one can obtain
AVE(t) = AVE(12) = (AViosa(f) = AViosa(22))
(6)
It is noted that the result obtained from Eq.
(6) is the difference of AVuw between two modes,
not the contribution of all oxide-trapped charge un-
der hot-carrier stress to the degradation of Vu.

Equation (6) indicates that if the same num-

ber of created interface traps is given, the differ-
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ence of AVu.~a between the two stress conditions is
uniquely due to oxide charge trapping, while the
difference of corresponding oxide-trapped charge,
AN o, can be experimentally obtained by CP tech-
nique. Hence, the relation between the difference of
AVinxa and difference of AN« can be obtained.
Then, AVu.xa(t) can be calculated from the time
dependence of AN« obtained by CP method, while

AV ni(t) can be given by Eq. (1).

3 Experiment

The devices used in our experiments are sur—
face-channel p” —poly gated pMOSFETs with the
gate length of 0.275um and the gate oxide thick-
ness of 4nm. The transistors were then subjected to
channel-hot-hole stress with a fixed drain stress
voltage Va= - 4.6V and various gate stress volt—
age Vi from Va/2 to Va. The source and the sub-
strate were grounded at all stress conditions. Inter—
face trap density and oxide trapped charge density
were periodically measured during stress by the

14
!, and the threshold

charge pumping technique' ™
voltage Vi was determined by the conventional 74—
Ve characteristics with Va= — 50mV. All of our ex-
periments are performed in the dark at room tem-

pel‘ature.

4 Results and discussion

Figures 1(a),(b), and (c¢) show the interface
trap creation, ANi= Ni— Nio, the evolution of the
number of oxide-trapped charge, AN a= Na— Nao,
and the threshold voltage shift, AVa= Vu— Vo,
vary with stress time, respectively.

It is clear that, AN i and AV are always larger
for stress condition at Ve= Vithan at V.= Va/2. It
is interesting in Fig. 1 (b) that, for stress condition
at Ve= Va, the oxide trapped charge is few nega-
tive, and becomes positive after long stress time. In
pM OSFETSs, the electron trapping leads to positive
Vu shift, while hole trapping results in negative Vu,

shift. The phenomenon could be attributed to the

combination of electron trapping effects and hole
trapping effects, interpreted in our previous study
(unpublished). The existence of negative oxide
charge in initial stress period has also been report-

. 9
ed in other work'”.
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Fig. I  Hot-carrier-induced interface trap creation
(a). hot-carrier-induced oxide trapped charges (b),
and threshold voltage shift (¢) in pM OSFETs under

two hot-carrier stress conditions

From Fig. 1 (b), electron trapping is dominant
in oxide charging under both stress conditions, so

one would expect an increase of Vu(positive AVu) .
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However, in Fig. 1 (¢) a negative AV is observed
after stress. This is due to the fact that as a signifi-
cant number of interface traps are generated, they
cause negative Vu shift and overshadow the effect
of electron trapping. And more, when the gate
stress voltage V¢ is increased to V= Va, hole trap-
ping also plays an important role resulting in more
negative Vu shift during the device degradation.
According to our method, AVuw and ANa are
plotted as function of ANi and shown in Fig. 2(a)

and (b), respectively.
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Fig. 2 Correlation of threshold voltage shift and in-

terface trap creation (a) and correlation of oxide
trapped charges and interface trap creation (b) un-

der various gate voltage stress conditions

4.1 Effectof Nouon Vu

By using our method to calculate the contribu-
tion of oxide trapped charges, ANa, to threshold
voltage shift, AVu.~a, for different stress conditions
in Fig. 2, one can readily obtain the relation be-
tween threshold voltage shift AVuw no and oxide

trapped charges ANa. And typical result is shown

in Fig. 3. A good linear relation between AV na
and AN« can be clearly seen
AV = = 0AN
While, according to Possion’s equation, AV, N

can be expressed as

AVixa = — c“ AN o
where ¢ is unit electron charge, Co = €0€sio,/Lox is

the oxide capacitance, to is the oxide thickness, € is
the permittivity of vacuum, and €sio, is the SiO2 rel-
ative dielectric constant.

From Fig. 3, the coefficient & which is the
slope of AVu.xa versus ANu,is 1.81X 10" " and is
very close to the theory value of ¢/Co, 1.85 X
10" ", which in turn verify the validation of our

method.

AN N0"em™

Fig. 3 Extracted relation of threshold voltage shift
AV v and oxide trapped charges AN in pMOS-

FETs under hot-carrier stress
4.2 Effectof Nion Vu

Once the contribution of oxide charge trap-
ping, AV na, is known, one can simply extract the
contribution of interface trap creation, AVu.nii, by
subtracting AVinxa from the total Vu shift. The re-
sult is shown in Fig. 4. Similarly with the result in
Fig. 3, the linear relation of AVu.~i and AN is ob-
served as well. It is worth noting that in Fig. 4, the
Vi shift due to interface trap generation in device
stressed at V.= Va/2 are very close to the result in
device stressed at V= Vua, which further verify the

validation of the proposed method.
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Fig. 4 Extracted relation of threshold voltage shift
AVuni and interface trap generation AN in pM 05—

FETs under hot-carrier stress
4.3 Applications

The time dependence of both AN« and ANa
can be extracted by charge pumping technique si-
multaneously, then, AVu.~a and AV vi as a func—
tion of stress time, can be obtained as well. T he re—

sults are shown in Figs. 5 (a) and (b).
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Fig. 5 (a) Extracted time dependence of the

threshold voltage shift AV vadue to oxide-trapped
charges ANa; (b) Extracted time dependence of the
threshold voltage shift AV due to interface—
trapped charges AN« in pMOSFET s under hot-carri-

er stress

In Figs. 5 (a) and (b), the threshold voltage
shift due to oxide-trapped charge, AV xa, agrees to
the logarithmic time dependence, while the thresh-
old voltage shift, AVw.xu, due to interface trap gen—
eration, increases with stress time by power-law.
Because the experimental results show that the to—
tal threshold voltage shift can not be interpreted by
the unique effect of either interface trap generation
or oxide-trapped charge, both of interface states or
oxide-traps affect the total threshold voltage shift.

It is seen in Figs.5 (a) and (b) that at stress
of Vi= Va/2, more sever electron trapping occurs
while few interface trap are generated than at
stress of V= Vu. And it is also observed that at
both stress conditions, the effect of generated inter—
face trap on threshold voltage degradation is
greater than the effect of oxide-trapped charges.
Since in pMOSFETs, the electron-trapped charge
leads to positive Vu shift, while interfacestrapped
charge results in negative Vu shift, the stress con-
dition of V.= V4/2 shows few negative threshold
voltage shift. This can interpret why the stress
condition of V.= Vadegrades worse than that of V.
= Va/2.

Although interface-trapped charge is the dom-
inant mechanism for hot-carrier-induced degrada-
tion in p~channel MOSFET's, a significant contribu-
tion of oxide-trapped charge to threshold voltage is
demonstrated in Fig. 5, especially for the stress of
Ve= Va/2.

It is worth noting that in our method, there is
not a limit on the hot-carrier stress conditions, and
the only thing is that at least two transistors are
stressed at different stress conditions. It indicts
that our method is more convenient and its applica—

tion range is wide.

5 Conclusion

In summary, by using the charge pumping
technique, we have investigated the degradation
mechanisms in pMOSFETs. We present a new ap-

proach to distinguish and quantify the effects of
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generated interface trap and oxide trapped charge
on hot-carrier-induced degradation in pMOSFETs.
It is found that neither interface-trapped charge
alone nor oxide-trapped charge alone could proper-
ly account for hot-carrier-induced threshold voltage
instability. Based on the method we developed, the
sum of interface-trapped charge and oxide-trapped
charge should be used in threshold voltage model-
ing. The significant contribution of oxide-trapped
charge to threshold voltage is demonstrated, while
the interfacetrapped charges are the dominant

mechanism for hot-carrier-induced degradation in
p—channel MOSFETs.

Acknowledgement Thanks to Motorola Company
for providing experiment samples and measurement

equipments.

References
[ 1] HuC, Tam S C, Hsu F C, et al. Hot-electron-induced M 0OS-
FET degradation-model, monitor, and improvement. IEEE

Trans Electron Devices, 1985, 32: 375

| 2] Lin C, Biesemans S, Han L. K, et al. Hot carrier reliability for
0. 13um CMOS technology with dual gate oxide thickness.
In: IEDM Tech Dig, 2000: 135

[ 3] LiE,Rosenbaum E, Tao ], et al. Projecting lifetime of deep
submicron MOSFETs. IEEE Trans Electron Device, 2001,
48: 671

| 4] Heremans P, Bellens R, Groeseneken G, et al. Analysis of the

charge pumping technique and its application for the evalua-
tion of MOSFET degradation. IEEE Trans Electron Devices,
1998, 45: 2194

[5]

[6]

[10]

[11]

[12]

[13]

[14]

Doyle B. Bourcerie M, Marchetaux J C, et al. Interface state
creation and charge trapping in the medium—-to-high gate volt-
age rang (Va/2> Vg> Va) during hot-carrier stress of n-
M OS transistors. IEEE Trans Electron Devices, 1990, 37: 744
Tsuchiya T. Trapped-electron and generated interface-trap
effects in hot-electron-induced MOSFET degradation. IEEE
Trans Electron Devices, 1987, 34: 2291

Cheng Kangguo, Li Jinju, Hess K., et al. Hot-carrier-induced
oxide charge trapping and interface trap creation in metal-ox-
idesemiconductor devices studied by hydrogen/deuterium
isotope effect. .-'\|1|1| [’hyh Lett, 2001, 78( 13): 1882

Cheng Kangguo, Lee ], Lyding ] W, et al. Seperation of hot-
carrier-induced interface trap creation and oxide charge trap-
ping in PMOSFETs studied by hydrogen/deuterium isotope
effect. IEEE Electron Devices Lett, 2001, 22: 188

Kok C K, Chew W C. A comparative study of charge trapping
effects in LDD surface-channel and buried-channel PMOS
transistors using charge profiling and threshold voltage shift
measurements. Proc [IPFA, 1999: 200

Papadas C, Ghibaudo G, Pio F, et al. On the charge build-up
mechanisms in gate dielectrics. Solid State Electron, 1994,
37: 495

San KT, MaT P.
charge in flash EPROM and MOSFETs with thin oxides.
IEEE Electron Device Lett, 1992, 13: 439

et al. Determination of trapped oxide

Heremans P, Witters J, Groeseneken G, et al. Analysis of the
charge pumping technique and its application for the evalua—
tion of MOSFET degradation. IEEE Trans Electron Devices,
1989, 36: 1318

LiHH,Chu Y L, Wu C Y. A new simplify charge-pumping
current model and its model parameter extraction. IEEE
Trans Electron Devices, 1996, 43: 1857

Woltjer R, Hamada A, Takeda E. Time dependence of p-
MOSFET hot—carrier degradation measured and interpreted

consistently over ten orders of magnitude. IEEE Trans Elec—

tron Devices, 1993, 40: 392



73] Yang Guoyong et al.: A Method to Separate Effects of Oxide-T rapped -+ 679

—M AT 9 E pMOS SHATR TR N TELE R B fErF
5% T Pea B B fer 2 B (B R R R (L AE R RY 753

BEE T ExRs BRE O WKE PRI
(Abnt R eEwr e, Jbst 100871)

T AR AT SRR R L, ST PR 6 ik T 40 RS S S S B I A A T BOF R A X pM OS2
PR T I 0 R A R L O FLIE R 5 i A B T 92 56 R A0 UE. A5 R AR W T pM OS @R kA7 7
RIOHL: H e B BT R 2 B A RPN SR B A 0 S R S B BE AT AR pM OSSR A T
A AL 0 2 ERL ), AN Sk J2 B B v A £ 1 D e AN T 2

XBIE: MOS @k SULZEBE FmaPE AR TR B R
PACC: 7220]; 7340Q
hESES: TN43 EEFRIREG: A XEHS: 0253-4177(2003) 07-0673-07

) G A R A e MR 8 I 75 H (N oo, 2000-036503)
WD 95,1976 4R LR, WL WFS0A:, 2 BRI AE N UL SRR M OS B8P0 A AT IRk,
WA 9), J2, RN RT3 4 2 R ] St T .
VFREIT g, #d, RN T MOS SR B A0 2 5 AR b w0 0 R 3 R B T
2002-11-26 H( 5], 2003-02-28 5 K ©2003 £ [H L Ak





