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Monitoring Trapped Charge Generation
for Gate Oxide Under Stress

Yung Hao Lin, Chung Len LeeSenior Member, IEEEand Tan Fu Lei

Abstract—A measurement method to extract the respective 0.06 —————— r
quantities and centroids of positive and negative trapped charges, Et’wg of first stress
i.e., Q, and ., generated by the negative current stress for 0.04 _—_._;‘(‘)’nsec
gate oxides is proposed and demonstrated. The method is based —e—20 sec
on neutralization of @, by a low positive current stress to 0.02 —a—30 sec
differentiate the effects of @), and (J,. From the extracted [—0—50 sec
quantities and centroids of @, and @, of negatively stressed 0 100 seg

oxides, it was found that @, and (), are generated near the

Gate Voltage Shift (V)

oxide/substrate interface and@,, is initially much larger than Q... -0.02
After the continuous stressing,(), saturates and moves closer to
the interface, but Q.. keeps increasing and moves away from the -0.04
interface, especially for those oxides after the post-poly anneal
(PPA) treatment. (), is very unstable and easily neutralized, -0.06 1
either by a small stress of opposite polarity or the same polarity. e first stress—><—— S.Cc?"(,j S‘tr(‘fssfh
For the latter, @, is mainly dependent on the level of the final -0.08
stressing field. 0 5 10 15 20
Stress Time (sec)
|. INTRODUCTION Fig. 1. The gate voltage shiftsAV,) for samples under two consecutive

IGH field | d | —100 mA/cn? stresses. Between these two consecutive steps of negative
'e. stre_ssgfs are Common_y used to evaluate t@@esses, small opposited.1 mA/cn? stresses were applied for different times
gate oxide reliability. The stress-induced trapped charg@sto neutralize the pregenerat€l, in the oxide film.

in the oxide film result in threshold voltage shifts, excess

leakage currents and even oxide breakdowns. Previously, {Pae ping distributions in the oxide film under different injection

distributions of trapped charges were measured and discusgg ditions were also studied. It was found ti@} has a
t? analzz;eh trapg!ng mechgmlsmst. [1]_[8].t Howeave;], n thFeversible characteristics, with its steady-state trapping level
stress, both positiver,) and negative(Q,,) trapped charges .o mined by the final oxide field [9], [11], and additional

are simultaneously generated [1]-[6]. In previous studie :
. . : esses only generate extfg, but does not disturb the
effects of @, and Q,, were not differentiated and their net y 9

effects were measured when stress-inducgdV or I-V original .

curve shifts were analyzed. To fully understand the trappings ll. EXPERIMENT TECHNIQUES
and the related degradation mechanisms of gate oxide films
it is desirable to monitof), and,, generation, respectively,

dulrrlln?hit:ep;t)r;ssé new method is proposed to monitor tSi wafer. The 80& gate oxide was grown in diluted dry,O
! 62/N2 = 1/6) at 900°C and annealed in Nat the same

distributions of¢,, and @, respectlvgly. Uniiken, @y is temperature for 15 min. The poly-Si gate was metallized with
very unstable and easy to be neutralized by a low reverse b

. E}S’followed by a 400°C anneal in N for 30 min. For some
scsr_e‘s}sa[r%,l[_g{} ISK/Se ;Eﬁ‘téﬁgfecg\i/ﬁeere;fr?t?attse?banndeg{;atlji;in samples, the gate oxides were degraded by the PPA, before
y gPOCI3 doping, in N> at 900, 950, and 1000C, respectively,

Qp- Then their individual trapping quantities and centroid : :
in the oxide film were extracted. Thus their dependence g%r 10 min. HPA1458 and_Ke|thIey7—V gnglyzer were used
0 measure sample electrical characteristics.

stressing currents and injected charges under constant currént’
stresses was monitored. Moreover, the relations between the ll. RESULTS AND DISCUSSIONS
oxide quality and the trapping characteristics were also studied _ . . :
by using the post-poly-annealing (PPA) method which was %OAS mentioned previously, both positiV€),,) and negative

The samples used in this study were PO@bped gate
MOS capacitors, with an area 233 x 10~* cm?, on a p-type

degrade the oxide film [10]. In addition, the dynamic change Q") trapped ch_arges are generated during high field str.esses
1]-[6], and @,, is very unstable and easy to be neutralized

Manuscript received November 15, 1996; revised January 17, 1997. T@? a low reverse bias stress [6] [9] An experiment was
review of this paper was arranged by Editor C.-Y. Lu. This work was :

supported by the National Science Council of R.O.C. under Research Contrqglne by applylng two consecutive100 mA/cnt stresses to

NSC86-2215-E009-025. a group of similar samples, but with some samples applied
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R.O.C. Detween these two consecutive stresses. The first and the
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Fig. 2. The gate voltage shiftéAV,) under +0.1 mA/cn? stress for Fig. 4. The shifts of quasi-stati€—V curves after thet-J, neutralizing

samples prestressed by0.1, —1, —10, —100, and—500 mA/cn? with  stresses applied for samples prestressed with differgigt(mA/cm?) stresses
the same total injected charges efL C/cn?. The neutralization of-J,  with the same total injected charges-efl C/cn?. The curves labeled with
stress-generate, by the 4.7, stresses led to the initial increase of their(R) were for samples neutralized.

AV, curves. The higher the-J,, the larger the initialAVy-increment, i.e.,
the more@, neutralized. . .
upon+J, stressing. However, for the samples which had been

prestressed with negative currents, alV, curves increased

Sub. rapidly initially then saturated. These initial voltage increments
were resulted from recombination of the positively injected
electrons with the preexisting,,’s which were generated by
the negative prestressing currents. The nigyts generated by
the higher negative current stress [7]-[9], the more the initial
(@) ) rising of the AV, curve. The final saturation of all curves

indicated that for all caseg),, had been completely neutralized

Fig. 3. The distributions of), and@ ., pregenerated by &V, stress, (a) i ;
before and (b) after application of the0.1 mA/cn? stress.Q), near the by the positive current stress. On the other hand, since the

Si0,/Si interface had been neutralized and small quantity of newly generat@@Sitive neutralizing stress was relatively small, ori{.1
Qp appeared near the gate/Si@nterface due to the small reverse positvemA/cn? stress with 0.003 C/cinof total injected charges, it

stress bu,. stayed undisturbed. is reasonable to assume that the distribution of the preexisting

. ! (), was not disturbed by it.
the gate voltage shiftéAV, ) of these samples. The first stress” tra apove phenomenon can be explained with the aid of

generated?y, which caused the initial decrease Af/,. T_he Fig. 3, in which Fig. 3(a) shows the generat@gandq, after
amount of generateq,, then saturated [5] and thep,,, which e first negative stress, and Fig. 3(b) shows thainear the
was generated at the same time, kept increasing. This cauggd,/s; interface had been neutralized and small quantity of
AV, to increase hengeoff. .Durlng the.second consecutl}ﬁ%\my generated), appeared near the gate/Siterface due
stress, the sample which did not receive the reverSel i the small reverse positive stress, bt stayed undisturbed.
mA/cn¥ current stress had a constant increase in A€, The above phenomenon is also reflectedbyV and/—V
curve. However, for the samples which did receive the reverggres of the samples, measured before and after they were
+0.1 mA/cnt current stress, the\V, decreased at the verystressed and neutralized. Figs. 4 and 5 show the measured
initial stress, just like that of the first stress. This indicates thgiasi-staticC—V and negativel—V curves, respectively, of
the @, generated by the first negative stress was neutraliz@fhse samples. In these figures, the curves marked with (R)
by the reverser-0.1 mA/cn? current stress and re-generategdorrespond to the samples which had been neutralized by
during the second stress. For these samples, it is also sgRN10.1 mA/cn? stress. In Fig. 4, it can be seen that the
that the decrease il\V, saturates after the-0.1 mA/cnt  C—V curves of the negatively stressed samples shifted left
stress for 20 s. This suggests that the precre@etiad been with the —100 mA/cn? shifting most. This indicates that
completely neutralized. And in the following studies:+8.1 (), was generated by negative stresses, where the amount
mA/cn¥ stress for 30 s was applied to neutralize the negativedy (), increased with increasing the stressing current. After
created(, and thus differentiate the respective effectspf the neutralizing+0.1 mA/cn? stress was applied, all the
and Q. neutralized curves shifted right, indicating tiaj’s had been

Fig. 2 shows gate voltage shifta\V,, of +0.1 mA/cn? neutralized and the remaining originally generafggd shifted
stresses for the samples to which negative stresses of diffet#etC—V curves to the right. Comparing these two groups of
current densities had been preapplied, but with the same tatafves, we find that they are the same in the shape, indicating
injected charges of 1 C/cn?. For the fresh sample, which didthat no new Si@/Si interface states were generated during
not receive any negative stresses, ¥, curve decreased duethe ),-neutralization process by the0.1 mA/cn? injection.
to the generation af,, near the gate/SiQinterface [3]-[5], [8] In Fig. 5, all the negatively stressdd-V curves also shifted

Gate | SiOz (80A) .

Gate Sub.
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Fig. 5. The shifts of negativd -V curves after the4J,; neutralizing 0.8 ¢ T T e 80
stresses applied for samples prestressed with differgigt(mA/cm?) stresses t—0—Qn (1C) -—e—dn (1C) 3
with the same total injected charges-efl C/cn?. The curves labeled with 0.7 ——Qn (5C) —#—dn (50) 170
(R) were for samples neutralized. 0.6 £—0—Qn (100) —e—dn (10C) 1 60
0.5 F 150
left with the —100 mA/cn¥-stressed curve shifting most. After 0.4 L 1 40

the ),-neutralization, all curves shifted right. This exhibits the
same results of th€ -V curves. 0.3 ¢ [_._.__././H"’"' 730
From the shifts of the abow®@—V and/—V curves, before 0.2 ¢ 1 20
and after@,-neutralization, we can derive the quantities and} 0.1 : 1 10
locations of centroids fof),, and @,,, respectively. This can ]
be done in the following way: Comparing th&—V curves
of a sample, before and after itg,-neutralization, we can
derive the flat band differencéAVy,) of these two curves.
Similarly, we can derive the gate voltage shifsV, _rv) of ()
the negatived — V' curves of the sample, before and after it wasig. 6. The calculated quantitie(xgp(n?]) and centroids(d,(,)) of both
neutralized. During measuring thisV, v, the I curves 0 B 0 L O ot total charges ijected. Larger
were measured at a current level-e10~° Alcm? to prevent Q, and Q,, are generated for higher current stresses, and both charges are
disturbing the unstabl€), in oxide film. The obtained\ Vs, trapped near the anode.
andAV, _rv, mainly due to the existence and nonexistence of
Qp, can be used to baV,+ and AV,-, respectively, in the
following equations to compute the quantity and the locati

(Y) up ‘9IRIISqNg Woajy pronuld)

0 el L1 anl 1l P Axlllx: 0
-107* -10° -10* -10? -10°
Stress Current Density (mA/cm?)

Trapped Charge, Qn (x10°° Coul./cm?)

It has to be mentioned that the above method can only
0be applied to monitor distributions of trapped charges gen-
L ated by negative gate voltage stresses. This is because

of @y [12] the trapped charges are mostly generated near thg/SiO
Qp(n) = —€ox * (AVpmy+ + AV )/ Tox (1a) interface [3]-[5], [8] under the-V, stress. They can be
dpiny = To % AVio)= [(AVpys + AVpi-)  (1b) detected by theC’—V and the negative -V curve shifts.

However, for the positive stress, the generated charges are

whered,,,,), €ox, andTy, are the centroid o0&,y measured mostly near the gate/SiOinterface. TheC—V curves and

from the substrate, the oxide dielectric constant and the oxidegativel—V curves are not sensitive to their existence. And

thickness, respectively. thus the positively created charges can not be fully and cor-
On the other hand, after th@,-neutralization, nearly only rectly detected by our method. This is also the reason that, in

Q). existed in the oxide film. We can also derive the quantitiyig. 3(b), although a comparatively small quantity(gf were

and the centroid of),, by computingAV,,+ and AV,,- from unavoidably generated near the gate/SiQerface during the

the curves of Figs. 4 and 5. In these figures, the curves markg@.1 mA/cn? neutralizing stress, they were neglected in the

with (R) are curves corresponding to the case where @hly previous computation for determinirn@, and@,,. Moreover,

is present in the oxide film. And comparing th&) curves for the positive stress, an opposite0.1 mA/cn? stress is

with the curve of the fresh sample, we can deri¥®y, and needed to neutralize the precreat@g. This —0.1 mA/cn?

AV, _rv, which are used to bAV, + andAV,, -, respectively. stress will also inevitably generate neé, near the SiQ/Si

In this case AV, _ry was extracted at a current level e0~* interface. And this can not be neglected as in the negative

A/cm? to minimize the amount of undetectable charges trappstiess case, since errors will be introduced in the extracted data.

in the tunneling distance of negative-V measurement. With The above method was used to extract the quantities

the obtainedAV,,+ and AV,,—, the quantity and the locationand locations of the centroids of generat@g and @, in

of the centroid of(2,, can be computed by using the similathe oxide stressed by different negative current densities.

formulas of (1). Fig. 6(a) and (b) shows the extracted data € and @,
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< [ ——dn.950°C ] and d,,, of the samples stressed byl0 mA/cn? with —1,
g o > dn.1000°C ] -5, and—10 C/cn? of total injected charges. These figures
g F —0— dp.control 3 h h d ted for th |
2 50 E—0—dp.900°C ] show that more), an Qn are generated for the samples
] [ —0—dp.950°C ] applied by PPA at the higher temperature [10], apgd is
g 40 fo—dp.1000°C dn ] more susceptible to the PPA. This indicates that PPA does
& 30 b degrade the quality of the oxide and the factor to cause oxide
2 b breakdown is mainly associated with t&, generation. Also,
g Wy for the higher PPA temperature or the larger injected charges,
S 10 F the centroid of@,, is more far away from the substrate, i.e.
0 : more near the injection interface. This also indicates that
0 , 4 p g Lo a shorter accelerating distance is sufficient for the injected

electrons to generatg@,, trapping states in the degraded oxide
which probably has more weak spots in it after PPA. But for
(®) Q,, the trend is opposite. In which, its centroig),, becomes

Fig. 7. The calculated (a) quantiti¢&),(,)) and (b) centroidgd,,y) of closer to the substrate for the higher PPA temperature or the
both positive and negative trapped charges generatedllymA/cn? stresses larger injected charges.

with —1, —5, and—10 C/cn? of total injected charges. In which, oxides of . .
some samples were degraded by the PPA at 900, 950, or°XD@6r 10 min. As mentioned prewouslyQp and Qn of +Vg stressed

oxides can not be derived by our proposed method. It is in-

teresting also to investigate these trapped charge distributions
respectively, for the total stressing charges-df —5, and—10 i the oxide. Fig. 8 shows the changes of normalized quasi-
Clcm?. Both generated trapped charges are found to be negitic C—V curves (y./Coy) for MOS capacitors after they
the anode [3]-[5], [8], while the higher the stressing curreRjere stressed by-10 or +10 mA/cn?, both with 1, 5, 10,
density, the more away the centroid is from the substralgnd 20 C/crf of total charges injected. The larger distortions
in addition to the larger generated quantities [7]-[9]. This isf negatively stressed curves reveal that the interface states
easy to be understood since the higher current density negégerated by—V, stress were more than those byV,
a higher applied field which gives more energy to injectestress, especially for large injected charges. This could be
electrons to generate traps in the oxide. On the other haggributed to that, upor-V, stressing, electrons were injected
Qp increases rapidly at the initial stress and is larger thafm the gate and thus more damages were created at the
Q», for this range of stressing current. While when increasingkide/substrate interface to generate interface states [13]. On
the injected chargesy, saturates after the injected chargeghe other hand, at the initial stage ¥, stresses, i.e., thel
reaches 5 C [5], bu@,, keeps increasing. This suggests thaG and —5 C stresses, the curves shifted to the negative due
initially in the oxide, hole traps are much more than electra@ a large amount of,, generated near the oxide/substrate
traps. Upon stressing, these hole traps are easily filled iferface. When increasing the injected charggsremained
which depends on the stressing field, and afterward electraimost constant and),, was continuously generated. But the
traps are continuously generated by the stressing current. effect of 9,, was not felt in the curves’ shifts, sincé,,

The above method was also used to investigate the reliabilibe centroid of},, moved closer whiled,, moved away

of oxides for the samples subjected to post-poly-annealifigm the oxide/substrate interface. However, for thé/,
(PPA) at 900, 950, and 1000C, respectively, by monitor- stresses, the more the stress, the more the curves shifted to
ing the stress generated charges. Fig. 7(a) and (b) showsttie positive. This probably indicates th&t, and Q,, were
quantities of@?, and @,,, and their respective centroidg, generated near the gate/oxide interface with their centroids,

Injected Charge (Coul./cm?)
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Fig. 9. The gate voltage shiftsA V) under+0.1(—0.1) mA/cn¥ stresses, Fig. 10. The gate voltage shife\V,) underJ, = —0.1 mA/cm? stresses
which were used to neutralizg,, in oxide films, for samples prestressed byfor samples prestressed By = —0.1, —1, —10, —100, and—500 mA/cnm?
—10(410) mA/cm? with —1(+1) C/cn? of total injected charges. In which, and all with—0.5 Clcn? of total injected charges. The larger thie stress,
oxides of some samples were degraded by the post-poly-annealing at @06, larger the initialAV;-increment, i.e., the more excess pregener&jgd
950, or 1000°C for 10 min. neutralized.

d, and d,,, shifting to the gate/oxide and the oxide/substrate 0.3
interfaces, respectively. Moreover, the/, curves during the
neutralization process by applying an opposite small stress can.

also give some hint on the quantity of positively generated% 0.2
Q,. Fig. 9 shows the gate voltage shifts ef0.1 mA/cn?
neutralizing stresses (in open dot curves) for the PPA treate
samples which were prestressedda}0 mA/cn? with 1 C/cn?

of total injected charges. The initial rapid increase of the curve

&Shif

=
p—

\y())ltag

of . —a—(J1= -100, 0.5C) ]
indicate that+V, stress created}, was neutralized by the 2 0 & —e—(Ji= -500, 0.5C) ]
o

latter —.J, stress. And the higher temperature PPA, the more —o—(J1= -10, 0.5C)+(J2, 0.5C)

Q,'s were generated upor-V, stressing. For comparison, —o—(J1= -100, 0.5C)+(J2, 0.5C)

similar samples were applied with10 mA/cn¥ stress but neu- 0.1 0= o500, 0.50+32 050
tralized by+0.1 mA/cn?, and theirAV, curves corresponding 0 5 10 15 20 25 30
to this 0.1 mA/cn? neutralizing stress are also plotted in Stress Time (sec)

Fig. 9 (in black dot curves). Comparing the initial increments
of these AV, curves, we find that thei-V, stressed curves Fig: 11. The gate voltage shifts\V,) under the neutralizing-0.1 mA/cr
have smaller initial increments than those ¥, stressed SUcSSeS for samples prestressed firstby- —10, ~100, and-=500 mA/cm-

g and then byJ, = —0.1 mA/cm= (open dot curves), or only prestressed by
curves, i.e., generated byt-V, stress is less than that ofJ; (black dot curves), all with-0.5 C/cn? of total injected charges. The
—Vg stress. This may also be one of the reasons for tHaguctions of the initialAV;-increments for samples with an additions

. stress imply that somé; stress-create@, were preneutralized.

—V, stresses result in smaller breakdown charges thép
stresses [14].

In the end of this work, the reversible characteristics dbllowing J- stress was comparatively smaller than that/pf
trapped charges, with their trapping levels being irrespectiveel mA to —500 mA, except—0.1 mA) and hence/; did
the previous stresses but only determined by the final stressimg generate),,, instead, neutralized thé, pregeneratedy,
field [9], [11], is investigated. In this study, samples weraear the oxide/substrate interface. This can be further verified
first stressed by &/, of different densities 0of~500, —100, by observing theAV; curves of the samples applied with a
-10, -1, and —0.1 mA/cnt, all with —0.5 C/cnt of total +0.1 mA/cn¥ stress to neutralize the remainifily’s after the
injected charges, to generate trapped charges in the oxidésstress. TheAV, curves are shown in Fig. 11 (in open dot
Then they were stressed again by a following secdadf curves). For comparison, thAV, curves of+0.1 mA/cn?
—0.1 mA/cn? stress. During this/, stress, the gate voltageneutralizing stresses for another similar set of samples, which
shifts, AV, were plotted in Fig. 10. For fresh sample, whichwvere not applied with the/; stress to neutralize thé, stress
was notJ; stressed, the initial decrease of ifsV, curve created,’s, are also shown in Fig. 11 (in black dot curves).
indicates that), was generated upa, stressing. However, The black dot curves have much larger initial increments,
the other samples with; prestresses have initial increment®specially for the highey; stress, indicating mor€,,’s were
on their AV, curves, indicatingy,’s generated in the firsf; neutralized by the+0.1 mA/cnt stress. On the contrary, the
prestressing step were neutralized by the followihgstress. three open dot curves have much smaller initial increments
Also for the samples with highef; stresses, the larger initialand almost coincide together. This again verifies that a large
increments are observed. It is because the magnitude of guetion of @@, had already been neutralized by e stress.
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interface, especially for those PPA treated oxidgs.is very
unstable and easy to be neutralized, either by a small stress of
opposite polarity or the same polarity. For the latter, it is the
so called “reversible characteristics” @f,, i.e., the quantity of

@), is mainly dependent on the level of the final stressing field.

0.3 [

0.2 [1

0.1

—e—Qn (J1, 0.5C)
—=-Qn (J1, 10) ]
_ %00 J1, 0.50)+J2, 0.5C) 3

(2]
(3]
(4]

0

Trapped Charge (x10° Coul./cm?)

sl

-10° -10* -107
Stress Current Density, J1 (mA/cm?)

-0.1

-101 .10°

Fig. 12. The calculated quantities of bofp, (open dot curves) an@}.,

(black dot curves) for samples after they were juststressed (circular and [5]
square dot curves for the total injected charges of 0.5 C and 1 C, respectively),
and thenJ, = —0.1 mA/cn? neutralized (diamond dot curves for the total

injected charges fo#; of 0.5 C followed by.J> of 0.5 C). [6]

The quantities ofy,, and @, of the above samples after they [7]
were just.J; stressed and thed, neutralized, respectively,
were also extracted by using our proposed method. Fig. 12
shows the extracted quantities &, and Q,, for the above [€]
samples. It can be seen that just affgrstresses (the circular [g
dot curves of total injected charge of 0.5 C and the square
dot curves of total injected charge of 1 C), the highkr 10
stressing current or the larger injected charges resulted in
the larger@, and @,. However, when theJ, stress was
applied (the diamond dot curves of the total injected chargE&]
for J; of 0.5 C followed byJ; of 0.5 C), the pregenerated
Q) is found to decrease, especially for highgr current (12]
densities. And the resulte@,’s for all .J; densities are very
close in their quantities. This indicates thiaj’s generated by [13]
J1 stresses were neutralized by and their final quantities [14]
depend somehow on the level of the finalstressing current.
That is, @, is irrespective to the previous stresses but only
determined by the final stressing field. On the other hanhd,
keeps increasing for the additional stress. This also indicates
that precreated,,, not like @, is very stable and not easy to
be disturbed by the following stress.

IV. CONCLUSION

In this paper, a measurement method was proposed
monitor the respective quantity and centroid of charggs,
and(@),,, which were generated by the negatively applied hic
field stress. The method was based on dheneutralization
by a low positive current stress to differentiate the effects of
Qp and@,, on C-V andI-V curves. By using this method
to extract the quantities and centroids(@f and@,,, we found
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thatQ),, and@,, are generated near the oxide/substrate interfageung Len Lee (S'70-M75-SM'92), for a photograph and biography, see
by the negative stress. And higher fields or more inject@q19 of the January 1997 issue of thisafisacTions

charges generate larger quantities @} and Q,. During
stressing,(,, is initially much larger than®,,, but then@),

;aturates n 'FS quantity a_nd mOV_eS closer to the OX'de/SUbStr?at# Fu Lei, for a photograph and biography, see p. 159 of the January 1997
interface, while(y,, keeps increasing and moves away from thigsue of this RansacTions



