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A New Approach to Simulating n-MOSFET
Gate Current Degradation by Including
Hot-Electron Induced Oxide Damage

Cherng-Ming Yih, Shui-Ming Cheng, and Steve S. Chufgnior Member, IEEE

Abstract—A new gate current model which considers the hot- current model of MOS devices after the stress are twofold. One
electron induced oxide damage in n-MOSFET'’s was developed js the difficulty in determining stress generated oxide damage.

for the first time. The spatial distributions of oxide damage, The other one is the unknown correlation between the gate
including the interface state (N;:) and oxide trapped charge .

(Qox), were characterized by using an improved gated-diode current and generat'ed oxide damage. o

current measurement technique. A numerical model feasible for ~ In terms of the oxide damage characterization, many efforts

accurately simulating gate current degradation due to the stress have been devoted to determine their spatial distributions
generated i, and Q.. has thus been proposed. Furthermore, [4]-[6]. But, most of them are focused on the characterization
the individual contributions of N and Q.x to the degradation of the localizedN;, near the drain region only [4]. Quite a

of gate current can thus be calculated separately using these . .
oxide damage. For devices stressed under maximum gate current few studies [5]-[6] are able to simultaneously extragf and

biases, it was found that the interface state will degrade the Qox- Recently, we have successfully demonstrated a method
gate current more seriously than that of the oxide trapped to separatelox from N such that the study of these two
charge. In other words, the interface states will dominate the oxide damage on the gate current degradation becomes feasible
gate current degradation under I max. Good agreement of the 71 ag 5 consequence, the investigation of the gate current
simulated gate current has been achieved by comparing Wlth_ the dearadation due to hot-carrier stress becomes possible
measured data for pre-stressed and post-stressed devices. Finally, 9 . ) p > :
the proposed degradation model is not only useful for predicting ~ On the other hand, to investigate the degradation mecha-
the gate current after the hot-electron stress, but also provides nism of gate current after the stress, Marchetatbal [8]
a monitor that is superior to substrate current for submicron  pobserved that the gate current decreases with the aging time.
df"'ﬁe reliability dappllcatlons, in particular for EPROM and o vever, due to a lack of the damage profiling technique, the
Flash EEPROM devices. degradation mechanism and model of gate current have never
been presented. More recently, the degradation mechanism

I. INTRODUCTION of gate current and its impact on Flash EEPROM devices,

HANNEL-HOT-ELECTRON INJECTION (CHEI) into such as the cell programming speed retardation and_the_z op-
Cthe gate oxide has been recognized as a major limitati§ftion window closure, have been proposed by an indirect
to the long term reliability of short channel n-MOSFETEXPerimental observation [9]. Furthermore, Pesigal [10]
devices. In particular, it has also been widely used as tREPPOSed a physically-based interface state and oxide charge
programming method in EPROM's and Flash EEPROM'JENeration models for simulating the gate current aﬁer the
Therefore, an understanding of the hot electron related iss§U&SS- However, both of them cannot explain the experimental
becomes of great importance to the device design and ré@ in [8]. _ .
ability study. In recent years, many experimental techniques'™ thiS paper, a new gate current degradation model which
and theoretical models have been developed to explore &@siders the hot-electron stress generadtgdand Qo will
investigate the physics of CHEI through gate leakage currdtf Proposed. The spatial distributions of bath, and Qox
measurement [1]-[3]. However, most of them are focused will be first calculate_d using an improved gate_d-dlode current
the modeling of devices without incurring any hot-electrof'€asurement technique that we developed in [7]. Then, the
stress. In other words, the effects of hot-electron stress-indudgividual contributions ofVi; and Qo to the degradation of
oxide damage, including interface statéd,) and oxide gate current W|II_ be .studled. Section II. describes the dgwce
trapped charge$Q)..), on the gate current have not bee'qondmons used in this work. The technique for characterizing

reported in the literature. The difficulties for developing a gaf@® ©xide damage is described in Section Ill. The proposed
new gate current model is shown in Section IV. Results and

discussion are presented in Section V. Section VI gives the
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Ly = 0.5 pm, mask widthW,,,, = 20 xm, and gate oV <0  Oxide Trapped Charge, Q,,
oxide thickness.x = 7 nm. The device threshold voltage was Interface State, N,
adjusted by using BFimplant with an energy of 25 keV and / Vp <0

. . (Sl
a dose of 3x 102 cm~2. The conventional h source/drain

. L. ) PEODDDD
structure was performed by using Arsenic implant with an
energy of 80 keV and a dose 06510'> cm~2. The simulated 5
channel profile and source/drain profile have been calibrated Ax -4
P-sub —i e

against SIMS data.

I1l. OXIDE DAMAGE PROFILING TECHNIQUE

In order to investigate the gate current characteristics af-
ter the hot-carrier stress, the stress-generatgdand Q.« Q, %
should be determined first. We used an improved gated-diode o

. . Detrapped —»,
measurement technique that we developed recently in [7] to
separateVy; and Q.. Its basic principle will be summarized Stressed
as follows.

Fresh

We first stressed the device at the maximum gate current
bias since the gate current at this bias is of great interest to us
for practical applications such as nonvolatile memories which (b)

use this maximum gate current for programming purpos&$y. 1. (a) Schematic diagram of the present gated-diode current measure-
Under such bias stress condition, bafi, and Q.. will ment technique. (b) The qualitative expression of the measured gated-diode

be generated [7]. The measurement method is based Ondgi».{éants(](m)forfresh (solid lines), hot-electron stressed (dashed lines), and

V. (negative)

. . . etrapped/neutralized (solid circles) conditions.
gated-diode current measurement technique as illustrated In

Fig. 1(a). By applying a small negative voltage on the drain

side with source floating, and by sweeping the gate voltagesThe equations to calculaf§;, andQ .. are given as follows.
from zero to more negative values, the gated-diode currdritst, from the difference of the two curves (solid lines and
(Igp) can be measured from the drain. The notatighs circles), the equation used to calculdg is given by [7]

and ¢;, shown in Fig. 1(a) represent the quasi-Fermi levels

for electrons and holes respectively, which coincide with thea 1., (V) = quUthO'ANit(-T)A-T(VG)ni eXp<M>
intrinsic level £;. The regionAz at the surface betweef) and 2 2ET

¢1, shows where electron and hole recombination occurs. For 1)

a certain applied gate voltage, the regitin is dependent on ) ) .

the drain voltage. The more negative the applied drain voltaié'?erew is the device channel width angy, ando represent
the larger the electron/hole recombination region becom&€ thermal velocity and the defect capture cross section,
Therefore, the measurde, is easier to be observed by usingrespectlvely.ni is the intrinsic carrier concentration ankic

more negative drain voltage without sacrificing the accuradygPresents the region where electron-hole recombination oc-

But, Speckbacheet al. [11] suggest that the applied drainturs and is a function of the gate voltages. From the difference
’ f the two curves (dashed lines and solid circles) in Fig. 1(b),

voltage greater than0.3 V is better. In this paper, the applieoO o .
drain voltage of—0.2 V is used. For a fresh device, ifsp a modified form of (1) to calculat&,, can be obtained from
is shown in Fig. 1(b) as solid lines. After the maximum gate 1 Qox

current stress/q max, both Ny, and Q. will be generated, Alap(Va) = §QWUthUANit(-T)A$ <VG +5 )m

and an excess recombinaion of electron and hole in the region o

Az will give rise to an increasindgp (as shown in dashed % exp<Q| D|> 2)
lines of Fig. 1(b). In the meantime, the generatgd. will

not contribute to the recombination current but will affect thg ..o the recombination regialr varies as a function of gate
parameters). and¢y, at the surface. In order to separée. voltages and oxide trapped charggs.. Ax can be determined

from N;, we use a detrapping or neutralization technique {p, 1\ vo_dimensional (2-D) device simulation. Based on the

achieve this purpose, i.e., by applying hot hole injection fro@oove two equations, both;, and Q. can be determined.
the drain to the gate oxide, untj}., was filled and eliminated

totally. The Igp current will shift to the left [as shown in
solid circles in Fig. 1(b)] with a negative oxide trapped charge
in this study. If Q. is totally eliminated, thel;p current The measured gate and substrate currents as a function of
difference between fresh (solid lines) and detrapped (solttess time are shown in Fig. 2. The stress conditions are
circles) curves is caused by, alone. The difference betweenbiased at the maximum gate currefiz(,.x@Vas = 5.5

the stressed (dashed lines) and detrapped/neutralized (sWlidnd Vps = 5 V) and at the maximum substrate current
circles) Igp currents can be used to determine the values @z max@Vas = 2 V and Vps = 5 V), respectively. The gate
Qox. current(I) is measured atgs = 5.5 V and Vps = 5 V.

IV. GATE CURRENT DEGRADATION MODEL
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Fig. 2. Measured gate and substrate currents as a function of stress timg: 3. Correlation between measured gate current and charge-pumping
The stress conditions are biased at maximum substrate c#fighf.x) and  cyrrent variation aftefs ... Stress.

maximum gate current/; max)-

The substrate currentd) are measured dtgs = 2 V and will incrga_se as described in [10, ed. (_3)]. However, it is in
Vibs = 5 V. As seen from Fig. 2, we observe thag increases f:o'ntrad!ctlon to the mea;ured data in Fig. 2 here. .And hence,
slightly with the stress time buf: decreases. The increase oft is belle_ved that there is another factor re_sponS|bIe for the
I is attributed to the enhancement of local electric field &€9radation of gate current as seen from Fig. 2.

well as the electron energy caused by the generatiov;of " Fig- 3, the measured gate currents affglua Stress
andQ.... However, it cannot explain the decay kf [3], [10]. ha\{e .been shown as a function of chgrge-pumpmg current
Also, we found that the variation of botk and I after variation (or interface stated’;;). According to Fig. 3 and

I max Stress is significantly greater than that affef . the correlation oflcp and Ny, Alep = ¢AgfAN;, the
stress. Here, it should be noted thatl gt Stress condition correlation between gate current ald; is drawn as an

; ; i anit AN j
Q. Will not be generated. Therefore, the generatioiVafat €XPonential relationship. The facter- is proposed
15 me @S Well aslg a Will cause an apparent degradatior‘?‘nd regarded as Coulomb scattering due to trapped interface-

of 1. Reported results [10] did not provide the correlatio_ﬁtate charges as d'escribe'd in [12]. In other words, the generated
between gate current degradation ag/(Q.x. Therefore, interface states_fllled with the electrons can be served as
here we propose a new degradation model of gate current_%?“'cfmb scatte_rl_ng centers_ gnd then suppress the hot-electron
considering the effects of botl;; and Q.. as follows. injection capability. In addition, the generatég,, trapped

The generation of channel-hot-electron injection inducdd the oxide afteric . stress will also inhibit the hot-
gate current includes several steps: 1) channel electrons d&lfftron injection probability. Here, we consider the effects
energy from field and become “hot™; 2) redirection of hoPf 9eneratedQox on the changes of the effective potential
electrons due to the scattering; 3) hot electrons surmount ffgTier height of hot-electron injection at the Si/Sildterface.
Si/SiO, potential barrier and are injected into the oxide; angherefore, the gate current model which considers the effects
finally 4) hot electrons are collected by the gate. Accordirff 9eneratedVi; and Qox can be formulated as
to this, the gate leakage current model for devices without o

considering any hot-electron stress can be described by [3] J. = / qnu-(wy) f(w, )exp(—ani ANy (z)) dw,  (4)
Dy

Ja = Ab qnvs (wn) f (wn) din ) whereay,; is a fitting parameter for the gate current simulation
by considering theV;; effect. The effective potential barrier

where ¢ is the electronic charge; is the electron concen- height &,, which considers the stress genera@g. can be
tration, andw,, is the electron energy calculated by energy,qgified as

balance equationsb, represents the potential barrier height
for the electrons to overcome the barrier(w,,) and f(w,, . _ _s qQox

represent the electron velocity in the dire(ctio)n norﬁal tZ) hy = 32— 2:59x 10 B = 4 ) 1077 B+ o ()
Si/SiO, interface and the electron energy distribution (EED)

function, respectively. AgV;, and (), are generated after theThe quantity 3.2 V is the Si/SiQinterface barrier height. The
stress, they will increase the lateral electric field as well agcond term in (5) represents the barrier lowering effect due to
the electron energy (from the increase of substrate currernb)e image field. The third term in (5) accounts phenomenolog-
Therefore,v.(w,) and f(w,) after the stress will be larger ically for the finite probability of tunneling between the silicon
than those before the stress. Carrier concentration will aland the silicon dioxide. The spatial distributions of both stress-
be reduced as a result &f; which can be supported by 2-DinducedN;;(z) andQ.x(x) for gate current simulation can be
simulation. As a result, for the increasewaf and the reduction determined by the modified gated-diode current measurement
of carrier concentration due t;;, the simulated gate currenttechnique [7].

ox
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Fig. 4. (a) Measuredgp for devices at fresh (curve 1), after hot electron stress (curve 2), and after detrapped/neutralized (curve 3) conditions. (b)
M easured gate-induced-drain-leakage curréiitsipy,) for devices at fresh (curve 1), after hot electron stress (curve 2), and after detrapped/neutralized
(curve 3) conditions.

V. RESULTS AND DISCUSSION «— 1 5 O
l £ | Stress time: # .— 1000sec] g
NO 50,100,500,1000s / o)
A. Characterization ofVy; and Q. o 08T 14 o
Fig. 4(a) and (b) show the measured gated-diode currents :; Drain &:;—
(Iep) and gate-induced-drain-leakage currefis p;.) for Z 0.6 I Junction 13 _‘8
fresh, hot-electron stressed, and detrapped/neutralized devices. % [ e}
Here,Ip currents will be used to calculafé, andQ., while & 04 cae | 2%
Igor, currents will be used as a monitor for the generation and Q Edge p=
elimination of Q. after the hot-electron stress and after the 8 0.2 11 &°
detrapping/neutralization step. The hot-electron str&ss,.x o & &N \ o
stress, is performed at the bias conditiontgfs = 5.5 V and £ 0 5 . : 0 3,
0.44 0.46 0.48 05 —

Vps = 5 V for 1000 s. Under this bias condition, boij; and ey
negative@,, will be generated. The detrapping/neutralization Position (um)

step for eliminatingQ.x is performed atVp = 3 V and Fig. 5. Extracted spatial distributions of interface statég,) and oxide
Ve = —4.5 V for 50 sec. After this detrapping process, th&rapped charge§Qox) after thelg max stress for different stress time.
Iampr, of a stressed device is moved from dashed curve to

the right (in solid circles) until the current matches with thaiooo_S stressed deviceslts = 5.5 V and Vps = 5 V. From
of fresh devices at high'p (e.g.,Vp > 1.2 V). This means comparison of the extracted, and Q.. shown in Fig. 5,
that the stress generat€gl, is totally detrapped/neutralized. . <oo that the peak values of maxima, and Q. are
Therefore, the difference dp -V curves between the freShabout several hundred angstrom away from that of maximum

(curve 1) and detrapped (curve 3) devices is causedviy lateral electric field. Furthermore, it was also found that the
alone and can be used to determivig by (1). Furthermore, c’

the differences offen — Ve curves between the detrappe ateral electric field of stressed device is slightly greater than
an it PP€Ghat of a fresh one since the channel resistance increases

curve (curve 3) and hot-electron stressed curve (curve 2) S 1o the localizedV.. and 0. buildup during the stress

be used to calculat®., by (2). Fig. 5 shows the extractéd; N ox ’

and Q. for different stress times. We see thait, and Qo From Fig. 6, the enhancement of electric field after the hot-

are both localized in the gate—drain overlap region. In additio%l,eCtrotn srt]ress ¢ alr;_pr(;per_ly e><t|?]la|_n the ;pcrgastt_a of stjbsﬁrate
the maximum value of stress-inducéld, is about four times current (shown in Fig. 2) since the impact-ionization rate also

greater than that of stress-inducad, at the maximum gate increases. However, the gate current degradation still can not
current stress bias ‘ be explained from the gate current model in [3]and [10]. From

the decrease of gate current with stress time as observed in
Fig. 2, an additional degradation factor due to oxide damage
B. Simulation of Gate Current and the exists. Therefore, we suggest that the interface states filled
Comparison with Experiment with electrons can be served as a new scattering center to the
By incorporating the extracted lateral distributions of bothjected hot electron which reduces the hot-electron injection
Ny andQ.x as given in Fig. 5 into a 2-D simulator—ATLAS2 probability.
[13], both the device characteristics before and after the stres§ig. 7 is used to support the above argument. In this figure,
can be simulated. Fig. 6 shows the simulated lateral electtie measured and simulated gate current characteristics are
field distributions at the Si/SiQinterface for fresh and after shown for devices at fresh, after hot-electron stressed, and
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Fig. 7. Measured and simulated gate current characteristics for deviced™ig 9. Simulated gate current variation by consideriNg and/or Qox,
fresh, after hot electron stress, and after detrapped conditions. Not&7hat and their comparison with the measurement data. Note hatdominates
is dominant for thel; degradations. the degradation of gate current.

after detrapped conditions &g = 5 V, respectively. The using the the new model described in (4). The parametgy,
detrapping step is used to eliminaf®,. The GIDL current value with 1.16x 10~'? cm~? is used. Furthermore, Fig. 8

is given as a monitor for the oxide charge detrapping, &§ows the measured and simulated gate current characteristics
shown in Fig. 4(b). From the simulation data, we see that tAgong different stress times. Reasonable agreement of the gate
difference ofl; between the HE stressed (solid triangles) arfedrents between simulated and the measured results has been
the detrapped (solid rectangles) conditions is due toQ@he ach!eved. . _

effect. Also, the difference between the fresh (solid circles) Fig- 9 shows the simulated gate current differencég,at=

and the detrapped (solid rectangles) curves is due tatpe 4 V @nd Vs = 4.6 V by consideringVy, and/or Qoy, and
effect. Obviously, thd; degradation due t&;, is much larger their comparison with the measurement data for different stress

than that due to.,. This can also explain why the gatetime. The stress condition is aIsoIa;_{e,s =5.5VandVps =5
current degradation aftelis . Stress is much more serioysY- It was found that the degradatlon_ of gate currents Que to
than that aftel .. Stress. From measurement data, we alééex will saturate after a long gtresg time. Furthermore, it was
observed that thé; degradation ratéAl; /1) first increases also seen that degradatl_onl_zf IS mqmly due to the generat(_ad
gradually with the increasing gate voltage and then decreaSZV§.' Finally, as the dev_|ce is continued to s<_:a|e, we believe
The reasons are as follows. The scattering of injected htofat the effects ofVi, will become more crucial to the gate
electron due taVj, is dependent on the amount of electropgurrent rather tham).

filled in the interface states. As the gate voltage increases,

the amount of electrons filled in these states also increase. As VI. CONCLUSION

a result, we see thahlq/Ig increases as the gate voltage In summary, we have successfully developed a new gate
increases initially. However, by further increasing the applieshirrent model which takes the hot-electron stress generated
gate voltages, the charge screening effect occurstahg/l; interface states and oxide trapped charges into account. In this
becomes moderate. From the simulated data shown in Fign¥odel, we suggest that the interface states will serve as a new

the degradation ofl; has been successfully simulated bgcattering center to the injected hot electron and then reduce
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the hot-electron injection probability. The generated oxidel] P. Speckbacher, J. Berger, A. Asenov, F. Koch, and W. Weber, “The
charges are also introduced as an additional factor affecting the 9ated-diode configuration in MOSFET's, a sensitive tool for character-
T . . s izing hot-carrier degradation/[EEE Trans. Electron Devicesol. 42,
injection potential barrier at the Si—-SiOnterface. However, pp. 1287-1296, 1995,

the oxide charges are normally located inside the gate oxide] S. C. Sun and J. D. Plummer, “Electron mobility in inversion and

; ; ; accumulation layers on thermally oxidized silicon surface&EE
such that they have only minor effect to the barrier height. As Trans. Electron Devicesvol. ED-27, pp. 1497-1508, 1980.

a result, the influence af).x on the gate current degradation:3) users Manual of ATLAS: 2D Device Simulation FrameworlSan Jose,
is smaller than that ofV;;. In other words, the interface CA: Silvaco International, 1995.

state generation will dominate the gate current degradation

not only at the maximum substrate current stress condition

but alsq at the maximum gate current stress condition. R_esults Cherng-Ming Yih was born in Taiwan,R.0.C., in

of the simulated gate currents show a good agreement with 1969. He received the B.S. degree in electrical

measurement data for pre-stressed and post-stressed dev engineering from the National Cheng-Kung Uni-
. . versity, Taiwan, in 1992. He is currently pursuing

Finally, the developed new gate current degradation model

i ) : - - I 'ir.,'i- the Ph.D. degree in electronic engineering at the
especially useful for the investigation of hot carrier reliabilitie & & _ National Chiao-Tung University, Hsinchu, Taiwan.
in EPROM and Flash EEPROM devices. in which the max w- His current research interest is in the device design,

mum gate current bias is the programming bias and is cruc - ﬂ“Q,Z‘ﬂeLL?Sm?,?;’ j;”v",ﬁ'j‘s“"“ and refiability study of
for these devices. In other words, the proposed gate curr i‘h
degradation model is most useful for studying nonvolatile -
memory reliabilities.
Shui-Ming Cheng, photograph and biography not available at the time of
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