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Characterization of Various Stress-Induced
Oxide Traps in MOSFET’s by Using a
Subthreshold Transient Current Technique

Tahui Wang,Senior Member, IEEELU-Ping Chiang, Nian-Kai Zous, Tse-En Chang, and Chimoon Huang

Abstract—An oxide trap characterization technique by measur-
ing a subthreshold current transient is developed. This technique
consists of two alternating phases, an oxide charge detrapping
phase and a subthreshold current measurement phase. An ana-
lytical model relating a subthreshold current transient to oxide
charge tunnel detrapping is derived. By taking advantage of
a large difference between interface trap and oxide trap time-
constants, this transient technique allows the characterization \
of oxide traps separately in the presence of interface traps. \
Oxide traps created by three different stress methods, channel
Fowler—Nordheim (F-N) stress, hot electron stress and hot hole g OXide charge
stress, are characterized. By varying the gate bias in the detrap- | detrapping
ping phase and the drain bias in the measurement phase, the field \ Ec ECJ_Z'\L
dependence of oxide charge detrapping and the spatial distribu- Ev Ev—/———ZL
tion of oxide traps in the channel direction can be obtained. Our AN
results show that 1) the subthreshold current transient follows a \ .
power-law time-dependence at a small charge detrapping field, gate oxide substrate source drain
2) while the hot hole stress generated oxide traps have a largest @ ®)
density, their spatial distribution in the channel is narrowest as
compared to the other two stresses, and 3) the hot hole stressFig. 1. (a) lllustration of trapped electron tunneling through a trapezoidal
created oxide charges exhibit a shortest effective detrapping time- barrier in the detrapping phase and (b) surface potential barrier lowering in
constant. the subthreshold current measurement phase due to oxide electron detrapping.

The solid line and the dashed line represent the band diagrams before and
after oxide electron detrapping, respectively.

|

I. INTRODUCTION

XIDE trap creation due to bias stress in program/erasffects. Recently, a modified charge pumping (CP) technique
cycles has been recognized as a major reliability conceras been developed to circumvent this difficulty [11]. Although
in the flash EEPROM technology [1]-[3]. Various reliabilitythe CP method is able to measure oxide traps as well as
issues such as stress induced leakage current (SILC) [4] amigrface traps simultaneously, a precise determination of oxide
programming current degradation [5] are related to oxide tréf@p density requires the knowledge about the interface trap
generation. Previous studies have shown that stress genergtgdrities (donor-like or acceptor-like) [12].
oxide traps can be easily charged and discharged [6]. Devicdespite the same charge effect on threshold voltage, in-
instabilities resulting from oxide charge trapping/detrappirigrface traps and oxide traps are distinguished by a large
such as time-dependent gate current [7], subthreshold curreiffierence in their time-constants. By taking advantage of the
[8] and GIDL current [9], [10] at a DC bias have beerime-constant separation, we proposed a transient GIDL tech-
reported. Previously, stress induced oxide traps were usudligue to monitor oxide trap discharging [9], [10]. The unique
characterized by monitoring a threshold voltage shift. Sin@slvantage of this technique is to allow a direct and continuous
both interface trap and oxide trap have the same charge effeleservation of charge exchange between oxide traps and the Si
on threshold voltage, the presence of interface charge nsupstrate. However, since band-to-band tunneling is confined
complicate the characterization and interpretation of oxide tréga certain range of substrate doping in the n-type drain [13],
_ , _ . the GIDL method cannot be utilized to probe oxide traps in the
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— frosh device II. MODELING OF A SUBTHRESHOLD CURRENT TRANSIENT
A 10’4'___F/N stress only o The dependence of subthreshold current on a gate bias is
g I : expressed as follows [14]:
< 050 F/Iii st{ress and ,
~ 0OX1d¢ (ra
E L fne D/, Is =1, exp(S(Vgs — Vi) @)
B /
5 10°F ! where Vy, is flat-band voltage and is the slope of the sub-
£ r threshold current. The relationship betweeand temperature
810 is approximated by [14]
Ves=0.1V
, ‘ S = q/nkT )
10—12 L 1
0.0 1.0 2.0 i
Gate-to-Source Bias, Vgs where the parameter can be evaluated directly from the

Fig. 2. The I;s—Vgs characteristics before and after F-N stress. StresI§lS_Vgs in a measured devu_:e.
condition: Vzs = 9.5 V for 800 s. Filling condition:V,s = 2.5 V and The stress generated oxide charges are assumed to have

Vhs = —T V for 100 s. a distribution@.x(z) in the vertical direction and the corre-
sponding detrapping time-constant+éz). z is the distance

only trapped oxide electrons near the poly-gate can be remoki" the trapped charge to the Si/SiGurface. The oxide

via tunneling. In this work, we propose a transient oxide trdp'a'9€ detrapping rate is
characterization technique including two alternating phases; dQox(x, 1) Qox(,1)
One is an oxide charge detrapping phase and the other is the At = (x) (3)
subthreshold current measurement phase. The principle of this
technique is illustrated in Fig. 1. The band diagrams in trfend
dgtrapping phase and in the mgasurement phase_are draw_n in Qox(@,t) = Qux(,0) exp(—t/7(z)). (4)
Fig. 1(a) and (b). In the detrapping phase, an applied negative
gate bias causes trapped oxide electrons to tunnel to theASia result, the change of flat-band voltage due to oxide charge
substrate. As a result of negative charge detrapping, not odgtrapping is
the surface field in the vertical direction but also the potential "
barrier in the lateral direction reduces [dashed lines in Fig. 1(a) Vi (t) = Vi(0) +/
and (b)]. Consequently, the subthreshold current increases 0
after each detrapping phase. By monitoring the evolution of X Qox(,0)(1 — exp(—t/7(x))) dx ()
the su.bthres.hold current With_ cumulative detrapping time, tk}ﬂmeretox is the gate oxide thickness. Substituting (2) and (5)
escaping oxide charge density can be deduced. Furtherm%ig0 (1), we arrive at
by varying the gate bias in the detrapping phase and the ,
drain bias in the measurement phase, the detrapping oxide In(Z4(£)) = Ln(Z4(0)) _/ g tx—x

0

ox tOX —x

GOX

field and the position of the maximum surface barrier are nkT eox

modulated, respectively. Thus, the field dependence of oxide X Qox(,0)(1 — exp(—t/7(z)))dx  (6)
charge detrapping and the spatial distribution of oxide traps ) ]

can be obtained by using this technique. where the integral term stands for the magnitude of a sub-

In measurement, a conventional source/drain n-MOSFEHreshold current transient and is inversely proportional to
with 100 A gate oxide, 0.6um gate length, and 2g:m temperature. Since subthreshold current exhibits an exponen-
gate width was used. Three bias stress conditions which nii} dependence on oxide charge, a small change of oxide
occur in flash EEPROM operation are studied: 1) chanrfélarge can result in a significant variation of a subthreshold
Fowler—Nordheim (F=N) stress; 2) hot electron (HE) stres§urrent. The escaping oxide chargeq in the measurement
and 3) hot hole (HH) stress. The stress biased/are= 9.5 V period therefore can be evaluated from the evolution of a
and V. = 0 V for the F-N stressV,, = 6.5V and V. = 5 subthreshold transient as follows:

V for the HE stress, andy, = —5 V and V4 = 5 V for tox ¢ —x
ini 1 eff = ox 0) - Qox(x t))
the HH stress. After stress, substrate hot electron injection Qert o Fox (Qox(, ’
at Vg =25V and Vi, = =7 V was performed to fill the = —(nkTox/qtox) In(1a(£) /14(0)) 7)

generated oxide traps with electrons. A gate current about

several picoamperes was measured in trap filling. The stepere Q. is defined as the equivalent areal oxide charge
of oxide trap filling is important since only the chargediensity at the Si/Si@surface. It should be pointed out that in
traps can be detected by an electrical measurement sucttase both interface traps and oxide traps are present, (6) still
subthreshold current measurement. The effect of oxide traplds except that the parametershould be replaced by the
filling is exemplified in Fig. 2 where the solid line is theinterface trap degraded.

pre-stressl —Vgs, the dashed line is thé,—V,s measured The relationship between the trap time-constardnd the
immediately after the F—N stress and the dotted line represemép positionz is determined by an oxide field and the trap
the result after the oxide trap filling. The trap filling effect ienergy. For example, if the oxide field is large and the trap
demonstrated by the rightward shift of thig—V, curve. energy is relatively small, trapped electrons escape through
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a triangular barrier. By assuming a single trap energy and I | I
neglecting a local distortion of the electric field due to the L [cas. dewapping meas. - detrapping - reat
trapped charge, the electron tunneling time is given by [15] ~
_ 4/ 2m* 532 8 S:E,IOJ
T = T, eXp ShaEn Lt (8) E
=10
wherer, is the tunneling characteristic tim&, is the electron <-=>
trap energy measured from the conduction bakgl, is the B0k . -
oxide field, and other variables have their usual definitions. In 8 -
this case, the trap time-constants independent of and the 1070

subthreshold current transient becomes a double exponential i
function of time, i.e., Time (sec)

Fig. 3. Pre-stress (solid line) and post-stress (dashed line) subthreshold
In(14(t)) = In(14(0)) — Qex(l —exp(—t/7)). (9) currents in three measurement/detrapping cycles. The voltagdsare 1.2
On the other side, if the trap energy is large and the oxide

kTCox VandVg, = 0.1 Vin the measurement phase angh = —7 V andVys =0
field is small, trapped oxide electrons tunnel to the Si substrate

in the detrapping phase.

through a trapezoidal barrier(x) is then given by [15] 10°
’g. pre-stress
/2m* E3/? 3/2 =
7(x) = 7, exp <3h B [EY)" — (B — qEoxx)”?] § o7k
~ 7, exp(ax) (10) & :
=
with £ 10° /
2 post—stress
=
o= 2(2m*Et/h2) 1/2. g 3
Following the derivation in [10], the time-dependence of a 10‘”1 10 100 1000
subthreshold current transient is obtained in the following: Cumulative Detrapping Time (sec)
tox q tox— Fig. 4. Pre-stress and post-stress subthreshold currents versus cumulative
In(14(t)) = In(14(0)) — / T Qox(z,0) detrapping time. Full circles represent the measurement data points.
0 n €ox
t - . .
X <1 — exp(——exp(—ax))) dx subthreshold current (solid line) does not change with time.
To . After stress, the subthreshold current (dashed line) remains
~ In(14(0)) — Gtox o /) g g almost constant during a measurement phase and is enhanced
= Miid nkT€oy tox significantly after each detrapping phase. The evolution of
x Q(z,0) da. (11) the subthreshold current with cumulative detrapping time is

plotted on a log-log scale in Fig. 4. Because interface traps
By neglecting the te”ﬁ‘”‘—_T and assuming a uniform oxide have time-constants several orders shorter than those of oxide
charge distribution, it can be shown that the subthreshaléps, the observed transient on a time scale of tens of seconds
current transient follows a power law time-dependence s certainly due to oxide trap discharging. The stress induced
GtoxQox subthreshold current transient follows approximately a straight
(12) line in Fig. 4. This observed characteristic agrees with (12) and

confirms that oxide charge detrapping is through a trapezoidal

The power factop is positive for electron detrapping. It shouldyayrier at the present detrapping gate bias. The power factor
be mentioned that by taking into account the second-order figJdy Fig. 4 is about 0.55. By using = 1.6, m* = 0.3m,

effect in (10), the power factor becomes slightly dependent o16], E, = 3.1 eV [17], the extracted oxide charge volumetric
oxide field and increases with it. density is aboutt x 10*3g/cm?.

n €y

[ll. RESULTS AND DISCUSSIONS B. Field and Temperature Effects

To analyze the field effect on oxide charge detrapping, the
gate bias in the detrapping phase is adjusted frofinV to

Fig. 3 shows the measured pre-stress and post-stress (aftérV in Fig. 5. The measured device was F-N stressed for
filling) subthreshold currents in three measurement/detrappi2@00 s. As the negative gate bias (or oxide field) increases in
cycles. The biases arg,, = 1.2 V and V4 = 0.1 V in Fig. 5, the time needed for the current to reach the same level
the measurement phase ahgk = —7 V and V3, = 0 V. becomes shorter. In other words, the effective detrapping time
in the detrapping phase. The corresponding oxide field in tleea decreasing function of an oxide field. Such field depen-
detrapping phase is about 6.0 MV/cm. Notably, the pre-stredsnce also provides evidence that field enhanced tunneling is

A. Time-Dependence of a Subthreshold Transient
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Fig. 6. Subthreshold current transients measuredl'at= 290 K and v, — _7 v for 300 s. The stress times are2@®, 10% s, and 10 s,

T = 350 K. The device was F-N stressed At = 350 K for 2000 s.

; respectively.
The symbols are the measured data points.

a major mechanism in oxide charge detrapping. With respect
to the temperature effect, the subthreshold current transients
at two different temperatureg = 290 K and 350 K were
measured in Fig. 6. The same detrapping gateWias= —7V
was applied. The slope of the measured transients is inversely

300)]
o
o

Normalized Subthreshold Current

. ) 4.0
proportional to temperature, as shown in (12). g -
j -I" = —e— HE stress
E—G.O - - » - HH stress
- . —a— F/N stress
C. Lateral Profiling of Oxide Traps 4
- . . -8.0 . - L :
Lateral profiling of the stress generated oxide traps in 100 10" 10 10 10
the channel is achieved by varying the drain bias in the Cumulative Detrapping Time (sec)

measu_remen,t phase. As the drain bias 'ncre_ases' the d !"9. Comparison of the HE stress, HH stress and F—N stress induced
depletion region gradually extends from the drain edge towagghthreshold current transients &, = 0.1 V and 3.5 V. The sequence

the source. Fig. 7 shows the measured transients in a P{Ehe> tfHagsi;n;Qﬁ?r‘l/i}udi i?S) ?H\l? TI:]E S>trel;;Nti n?é lfi/gsm:s ?61 t\éeaﬂté
stresseql n-MOSFET at various drain biases. Due to the natE{F se. 300 s for the Hﬁs S;es';an'd 400 s for the F—N stress.

of localized trap generation by the HE stress, the oxide trap

induced transient diminishes as the drain depletion extends

over the entire trap region. Fig. 8 shows the lateral distribgffect [19] was neglected in the calculation of the oxide charge
tions of oxide charge at different stress times. In the figuréensity.

the escaping oxide charge density in the measurement period he subthreshold transients by the F-N stress, HE stress and
is calculated from (7). The relationship between an applidtH stress are compared and are shown in Fig. 9. Before the
drain bias and the width of the drain depletion region igansient measurement, all of the stressed devices were subject
estimated from an analytical model in [18]. As a first-ordeio the substrate hot electron injection for oxide trap filling.
approximation, the drain induced barrier lowering (DIBL)herefore, only the acceptor-like oxide traps are measured for
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Fig. 10. Lateral profiling of the HE stress, HH stress and F-N stress creafdfl- 11. Thelys—V,, subthreshold current characteristics in three test de-

electron trap distributions; is the elementary charge. vices. I, stress:Vge = 2.5 V and Vs = 5 V for 5000 s. I, stress:
Vgs = 6.5 Vand Vg, = 5 V for 10* s.

the donor-like oxide traps are not charged when filled with

electrons. In the figure, the F-N stress transientg;at= 0.1

V andVy, = 3.5 V are identical. Among the three stresses the

19

0.0
HH stress transient shows a largest magnitudg;at= 0.1 V =
. . . . [—3 r
and a smallest magnitude &, = 3.5 V. This result implies =
that the HH stress generated oxide traps have a largest density %_1 ok
whereas their spatial distribution in the channel is narrowest S
as compared to the other two stresses (Fig. 10). There are E L Ef,;;?hfl:e

two reasons for the feature in Fig. 10; First, the lateral field
distribution in the channel is more restricted in the HH stress
than in the HE stress from a two-dimensional simulation,
which consequently gives rise to a narrower oxide trap region 107 10! 100 10 10?

in the channel. Second, the hole injection has a higher energy Cumulative Detrapping Time (sec)

threshold than the electron injection because of a larggg. 12. oxide charge detrapping induced subthreshold current transients in
Si/SiO, interface barrier for holes. In addition, Fig. 9 revealghe three test devices.

that the two hot carrier stress induced transientgjat= 0.1

V exhibit a crossover arountd = 1.0 s. The crossover can

be realized due to a smaller effective detrapping time of the
HH stress generated oxide traps. Our result is consistent with
the findings by Webert al. that the hole stress induced
electron traps are located closer to the SiisS&Drface [20]

and thus the HH stress induced traps have a shorter detrapping
time-constant. Moreover, a strong nonlinearity is observed in
the HH stress transient in Fig. 9. This characteristic can be
possibly explained by a strongly nonuniform oxide charge dis-
tribution in the vertical direction caused by the HH stress [20].

(c) max. Ig and
max. Iy stress

-2.0

Normalized Subthreshold Current

——max. g stress

3.0 °

max. Ig and
max. Igyp stress

N
<
T

s
<
T

Oxide Charge Density (x10'g/cm?)

0.12 0.08 0.04

D. Coexistence of Interface Traps and Oxide Traps Distance from Drain Edge (um)

The feasibility of using this oxide trap technique in the. ) o )

presence of interface traps is examined. Two hot electron stréI ' -13'th Meas‘}red %X'tﬂe rap dI'Str'butt'ons 'Séhe-ma%'snessed device
) In the max an en maxis,, Sstresse evice.

methods are utilized, maximud), stress and maximurfy,,s, ! 1
stress. It was reported that the traps created by the maxifpum . . . . :
stress are mostly oxide traps while interface trap gener:’;\tiontr@ns'ent magmt_udes in the d_e_wces (b)_an_d (9) are different,
dominant by the maximunfi,, stress [21]. Fig. 11 shows thethe _extracted OX|o_le trap densities and dlstrlbutlons_ in the two
14s—Vgs Characteristics in three test devices, (a) a fresh devic?ee,v'ces agree with egch other reasongbly well in Fig. 1.3'
(b) a maximum!, stressed device, and (c) a maximuip n other words, the oxide trap characterization result by this
then maximum[wgb stressed device., Interface trap generatiotﬁChnique is not affected by the existence of interface traps.
is evidenced by the degradation of the subthreshold slope after
the maximum ., stress. The corresponding subthreshold IV.. CONCLUSION
transients in the three devices are plotted in Fig. 12. TheWe have proposed a transient oxide trap characterization
device (c) shows a less pronounced transient effect than thehnique. This technique is found to be extremely sensitive
device (b) due to a degraded subthreshold slope. Although tbeoxide charge variation. By taking advantage of the time-
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constant separation between interface traps and oxide traps, trapping and radiation damageXppl. Phys. Lett.vol. 39, pp. 58-60,
i i i i i ati 1981.
this tranSIe_nt technique allows the axide trap CharaCt.enzaF:‘Elg] R. Troutman, “VLSI limitations from drain-induced barrier lowering,”
separately in the presence of interface traps. The obtamed time= |EEE Trans. Electron Devicesol. 26, pp. 461-469, 1979. _
dependence of a subthreshold current transient confirms tf28t W. Weber, M. Brox, R. Thewes, and N. S. Saks, “Hot-hole-induced
oxide charge detrapping is through a trapezoidal barrier tunnel- Cgﬁi{g’epopx'dliggfﬂ%g”"\l"g%ssFET s,"|EEE Trans. Electron Devices
ing. Oxide charge creation under various stress conditions hag B. Doyle, M. Bourcerie, J.-C. Marchetaux, and A. Boudou, “Interface
been studied. As compared to the HE stress and the F-N stress, trap Cfgaﬁ/Oﬂ andvcharg%% t)ragpir_lg ithhe medium-to-high gfate vgléage
. . range (V4/2 < V, < Vy) during hot-carrier stressing of n-M
the HH stress gen_erated OXM? Charges can be CharaCterIZ(Edtransistors,”IEEE Trans. Electron Devicesol. 37, pp. 744—754, 1990.
by a shorter effective detrapping time-constant and a more

restricted spatial distribution in the channel.
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