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Abstract—The influence of channel length and oxide thickness resulting device degradation thus become a strong function of
on the hot-carrier induced interface (IV;;) and oxide (No:) rap  device dimensions and therefore merit attention.
profiles is studied in n-channel LDD MOSFET's using a novel ey the years, several attempts have been made to under-
charge pumping (CP) technique. The technique directly provides tand the effect ’f MOSFET i HCD. Ithas b f d
separate N;; and N, profiles without using simulation, iteration stan eefec S 0 scalingon : "?‘S eentoun
or neutralization, and has better immunity from measurement that the reduction of MOSFET channel length increases the
noise by avoiding numerical differentiation of data. ThelV;, and carrier heating process [9], [10]. Moreover, due to nonscaling
N, profiles obtained under a variety of stress conditions show of the region of the channel damaged by hot carriers, a rela-
weII-deflned.trends with the variation in dewcg dimensions. The tively larger fraction of the channel gets affected for smaller
NN, generation has been found to be the dominant damage mode h N ths 1111, [121. Both th ffects h t
for devices having thinner oxides and shorter channel lengths. C annel leng _S [11], [ ]'_ 9 ese elects have a s r.onger
Both the peak and spread of thelN;; profiles have been found to Impact on device characteristics and hence the degradation has
affect the transconductance degradation, observed over different been found to worsen with reduction in channel length [3], [4],
channel lengths and oxide thicknesses. Results are presented9]—[12]. With the reduction in oxide thickness, lesser degrada-
\fIIVhICh prow((jje usgfu[ insight into the effect of device scaling on the tion in terms of charge trapping (as measured using threshold
ot-carrier degradation process. _ _ voltage shift) has been reported [3], [13]-[18]. This can be at-
Index Terms—Channel length and oxide thickness dependence, tributed to reduced volume available for charge trapping [19]
gharge pumping, hot-carrier effect, MOSFET, spatial profiling of 54 tynneling of carriers from the oxide into the gate and sub-
amage. strate [20], [21]. Onthe other hand, enhanced carrier heating and
avalanche (as measured using substrate current) was reported
|. INTRODUCTION at lower oxide thicknesses [16]-[18]. Though in simple terms
ITH THE aggressive reduction of MOSFET dimenlt means enhanced interface-trap generation [17], the transcon-

. . - : .ductance degradation however has been found to be lesser for
sions into the deep submicrometer regime, hot—carrlﬁJC : : . )
degradation (HCD) is becoming an important reliability issue. OSFET's having thinner gate oxides [16]-{18], an observa-

HCD results from heating and subsequent injection of carriet}g? whlchhdesftfarves ka;:g ggz'jrt'on'lMOSt o:‘_'tgg\;]vorkbreported
into the gate oxide, which results in a localized and nonunifor| aron t. ee e_cts 0 scaling on HL.L has been per-
buildup of interface states\(,) and oxide charges\,,;) near ormed using indirect methods, such as monitoring substrate and

the drain junction of the transistor. The generated defecqgte current (to estimate damage generation) and correlating

produce threshold voltage shift, transconductance degradati!&ﬁ? the drain cgrrent degradation. However, due tq the local-
ed and nonuniform nature of hot carrier damage, it would be

drain current reduction, etc., and eventually lead to devild . : :
failure [1]—[4]. It is well known that HCD is a strong function of very useful to directly obtain the damage profiles and correlate

the internal electric field distributions of the MOSFET. Whilethesg to ((jjraln dClIJrLen.t ?legradatlglr\l/lgsolzrgt_arr tﬁ corrtla?tly urr: der(;
the lateral electric field near the drain junction is responsible fgfand and model the influence o channel length an

carrier heating and avalanche (monitored by substrate curre%:,de tr&ick?essbtor_l HtﬁD' Thi_s ils dt.hf .fgctL.JS o;;;his p(zja/pe;r
the transverse electric field influences carrier injection into the n order to obtain the spatial distribution i;c andror Vot
gate oxide (monitored by gate current) [4]-[8]. The reductio?{eated during hot-carrier stress, different charge pumping (CP)

of channel length and oxide thickness of the transistor affe§ Sed. m?th.odsbhav%beer;]ecrjnplgedzig the Iiteratgrc: [22]_[301'
the internal electric field distributions and hence the carrigr '€ S'™MY ation-based methods [22]-{26] are unsatisfactory due

heating and injection processes. The damage creation andtﬂﬂg"e reguwemgnt of the k_nowledge of exa_lct device structure
and doping profiles. The direct methods either need separate
neutralization steps and are complex in nature [27], [28] or need
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immune to measurement noise (by avoiding experimental data Function .
. . . o Generator Oscilloscope
differentiation), and provides an accurate distribution/\gf

and N, created during hot-carrier stress. The new method has I:I.__!:l

been successfully employed [33] to determine the time evolu- G
tion of ~v;; and N,, profiles in n-channel LDD MOSFET's,
subjected to hot-carrier stress at different bias conditions. I o
This paper describes the application of the new CP method S _JU p |_n' JP Sgg; (GE)
to determine the influence of device dimensions on hot-carrier nbrain - o
damage creation in n-channel LDD MOSFET's. We have ob- Junction (JN)
tained, for the first time, a unique comprehensive set of data of - -
the N;; and V,,; spatial profiles along the channel over a range 100 nm
of channel lengths and oxide thicknesses. The magnitude and J7 B
spread of the damage profiles show well-defined trends with

variation in device dimensions. The possible physical mech-

anisms responsible for such trends are discussed. Finally, the
damage distribution is correlated to the device degradation ob-
tained from drain current measurements. We have found that
the V;; generation and the resulting transconductance degrada-
tion become the dominant degradation mode for devices haviﬁ% 1. Charge pumping setup along with the schematic diagram of the

DC Ammeter

smaller channel lengths and oxide thicknesses. The transcgﬂ SFET ”dse‘j(iG”Et?e study showing drain junction (JN), gate-LDD overlap,
. . ) . ate edge .
ductance degradation correlates well with the magnitude an ’ g
spread of the generatéd, profiles, and has similar trends with
the variation in device dimensions.
In Section Il of this paper, the procedure of the new CP tech-

nique is briefly described. A fuller account has been presented Alp(Viase) + Alep(Viop)

elsewhere [32], where the correctness, reliability and robustness = AL, max(Viop max; Vhase min)

of the technique are also demonstrated. Results are presented Ym, s

and discussed in Section Ill, followed by conclusions in Sec- = QfW/O AN;(y) dy 3)
tion IV.

where the origin is chosen at the center of the channislthe

electronic chargef is the frequency of the gate puld& is the

device width, AN, (y) is the generated interface-state density
In charge pumping, the gate of the MOSFET is driven fromty, andy. . andy,, . are the CP edges in poststress and are

accumulation to inversion and back using a trapezoidal wawefined by the relations

form. The substrate is shorted to ground. The dc curtep) (

arising out of electron-hole recombination at the interface states Vin, (U1, 5) = Vbase,

is measured at the source and drain, as shown in Fig. 1. The CP Vi s(y1,5) = Viop

measurements are performed in two ways. In the first case, gy

pulse top Viop) Is fixed in inversion Viep = Viop, max = 1 V)

and the pulse basé/(...) is varied. The pulse scans the local

flatband voltage ¥r5) distribution and the resulting.,—Vias. Hg(rjevﬂ s andVpp ; are the poststress local threshold and flat-

data are recorded. In the second case, the pulse base is fB(and voltage distributions along the channel, and are related to

Il. EXPERIMENTAL TECHNIQUE

VFB, s (yrn, s) = Vbase, min- (4)

in accumulation ¥i,ase = Viase,min = —4 V) and the pulse . )

top is varied. The pulse scans the local threshold volt&gé ( the corresponding prestress quantiigsandVr; by [32]
distribution and the resulting.,—V;.,, data are recorded (de- gANL(y)  gANu(y)

tails of the gate pulsing scheme can be found in [23] and [25]). Vr,o(u) = Vo (y) = —5 4 QCt - (5)

Prestress measurements are performed on transistors having dif-
ferent drawn gate lengtli(;). Poststress measurements are pesind
formed on transistors subjected to hot-carrier stress.

The stress-induced incremental CP currents are given by [32]  vip ((y) = Vep(y) — qu‘”(y) - qAZJth(y). (6)

Yt Using (4)—(6) we write,
AIcp(‘/bause) = qu/ ANzt(y) dy

‘/top - Vbase = VT(yl, 5) - VFB(yl,s) + C (7)
Ym, s . . .
’ hereC,,, is the gate capacitance per unit area. For MOSFET’s
AL, (Viep) = af W AN (y) d 2) Wheree : . .
»(Viep) = af /y1 () dy ) with thin gate oxides, the generated interface-state density pro-
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file can be modeled by an analytically integrable function cloghe CP edgey;, . for a givenW,a.. and Vi, value in prestress.
to Gaussian in shape as [32] The process is repeated for &l,.. andVi,, values and using
the relationVz(y1 ) = Viep andVep(y1,+) = Viase, the pre-

AN (y) = % (8) stress/r—yandVrp—y relations are obtained. Assuming neg-
cosh” ey — p) ligible damage creation a,, ; (deep inside the channel-LDD
where junction), y,,, . is obtained from the conditiog,, . = ¥m,»
AN;;,, peak value of the damage; andVeB(¥m,v) = Viase, min [32]. For a fuller description of
Yp position of the peak along the channel; the technique as well as its experimental validation, the reader
o parameter whose reciprocal is a measure of thereferred to [32].
spatial spread of the damage.
Using (1), (2), (7), and (8) and assuming generated interface [ll. RESULTS AND DISCUSSION
'Er3az|r])s are negligible in the source half of the channel one Obtam%harge pumping measurements using the method discussed

above were carried out on submicrometer LDD MOSFET's as
shown in Fig. 1. The gate of the MOSFET is pulsed using a
ALy(Vinee) = gf W ANy p [+ tanh oy s — 5,)]  (9) trapezoidal waveform obtaineq from an H.P33120A function
« generator. The charge pumping current is measured at the
source and drain using a Keithley 617 electrometer, preceded
N, by an LC lowpass filter. The substrate is shorted to ground.
ALy max(Viop, maxi Viase, min) = ¢f W —=£[143] (10) Measurements were performed using trapezoidal gate pulses
@ having a frequency of 1 MHz with rise and fall time of 250 ns.
For the varying base-level measurements, the pulse top was
1 2-(14+p8)X fixed at 1 V. For the varying top-level measurements, the pulse
Y1, =Ym,» = 5 n[ 1-3X } (1) pase was fixed at4 V.

B =tanh a(ym, » — yp) (12) Experiments were performed using isolated LDD n-channel
q MOSFET's having a gate-LDD overlap of 100 nm as shown in
Viep = Voase = Vr(y1,s) = Vis(y1,s) + Con Fig. 1. The channel length dependence studies were performed
ALy max o on devices having oxide thicknesg, () of 11 nm. The oxide
W 2-(1+AX]X  (13) thickness dependence studies were performed on devices having
ALy (Voase) effective channel lengthl(.¢) of 0.3 :m. All the devices have a

X =

Al W, Vr . (14) gate width of 1Q:m. The threshold voltages (as measured from
ep, maxt Ttop, maxy Yhase, min /- transfer characteristics & = 0.1 V) for the devices having
For all W,ase and henceAl,, values in poststress, the corred,, = 11 nm are 1.1, 0.81, 0.75, and 0.71 V, respectively, for
spondingVi.,, is obtained from (3). The determination By, L.g = 0.8, 0.4, 0.3, and 0.26m, and for the devices having
Vre, andy,, ; are discussed later. Equation (13) is fitted witll.g = 0.3 umare 0.92, 0.75, 0.68, and 0.51 V, respectively, for
the experimentaliop, — Viase VEIrSuUsAIL, /Al max dataand T,, = 13,11, 9, and 5 nm. The prestre¥g of the devices is
the parameters and;3 are obtained. By obtaining N;; , from about10'° (cm~2) in the center of the channel, and increases by
(10) andy,, from (12), the interface-trap profile is constructed factor of two to three toward the source and drain junctions.
using (8) and (11). Tha N, profile is then constructed using The stressing at different gate and drain voltages are performed
either (5) or (6). on different transistors located on different (but adjacent) dies in
In prestress, by assuming a symmetric transistor, the varyithge wafer. The length dependence studies are performed on de-
pulse base and top level CP currents can be written as [32] vices on the same wafer, while the oxide thickness dependence
studies are performed on devices on different wafers, processed

Iep(Voase) = 2qfW(Nit(Viase)) {Lz—d - Ayl,rb} (15) identically but for the oxide thickness. We have found about a
10% variation in prestress charge pumping current measured
and on devices having identical structures but located at different
Id parts of the wafer. However, for identical stress conditions, we
Iy max — Lep(Viop) = 2¢f W (Nit(Viop)) {_ - Ayl,rb} have found almost identical incremental charge pumping cur-
2 rent measured on identical devices. Since our analysis is based

(16)  on the incremental charge pumping current, the small variations
in charge pumping characteristics across the wafer do not affect

where .
r analysis.

Ay, isthe zone excluded from CP process and is relat€y
to the CP edgey _.,) by the relationy; , = Lq/2—
Ayl,'n;
Ly drawn gate length;
(Niy  patial average of prestress interface-state density. Figs. 2-5 show the stress-inducadv;, and AN, profiles
The plot of L,;(Viase) @nd Iop max — Iep(Viop) VErsusLy is  along the channel for transistors having different channel
fitted with a straight line whose intercept givAg; ,, and hence lengths (Figs. 2 and 3) and oxide thicknesses (Figs. 4 and 5).

A. Spatial Distribution of Interface Traps and Oxide Trapped
Charges
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The origin is now chosen at the channel-LDD junction. The 4x10

stressing was done &, = 5V for 100 s. TheA NV, profiles of

Figs. 2 and 4 are shown for stressing/at= 2.5 V, which also 3x10"

happens to be the condition for maximum substrate current. ‘*g

The AN,, profiles of Figs. 3 and 5 are shown for stressing at < 2x10"

Ve = 1.2and 4.25 V. The stress biases were kept constant over Z

channel lengths and oxide thicknesses to study the worst case 1x10"" f O/O/O/O/Om
damage condition. For all the channel lengths and oxide thick- Ly (wm) igig

nesses used in this study, hole trappidgV\,., ) is observed O N5 g0

for stressing at/ = 1.2 V, while electron trapping&AN,: ) .0.08 -0.04 000 004 008

is observed aV; = 4.25 V. No significant charge trapping is DISTANCE ALONG THE CHANNEL (um)
observed for stressing &; = 2.5V [29], [33]. Maximum N,

generation takes place B = 2.5 V. For stressing al; = Fig. 2. Interface-state densitA(V;,) profiles along the channel as a function

i i f channel length. Stressing was don&at= 2.5V, Vp = 5V, for 100s. The
12 ar.]d. 4.25 VN” IS generated in lesser amount (DOt ShownZ’rigin is chosen at the drain junction (JN), and the éjate edge (GE) is an@.1
the minimum being at; = 4.25 V (as also reported in [2], [3],
[29], and [33]). The peak of thAN,, ; profile is situated near

the channel-LDD junction, while that of tha,, . profile 1.0x10%}
is inside the gate-LDD overlap region. The peak of thé;, 7 5x10" |
profile for stressing alz = 2.5 V is also observed in the ~ 5ox10"
gate-LDD overlap region. Using device simulations, it has been £ al
shown earlier [33] that the locations of the trapped charges and e 2.5x10
generated interface states for different bias conditions depend Z 0.0;
on the internal electric field distribution. 2.5x10""F
As shown in Figs. 2 and 3, with the reduction of MOSFET -5.0x10" . .
channel length, theAN;, and AN,, distributions increase -0.08 -0.04 000 004 008
mostly in magnitude. The spread of theN;, distribution DISTANCE ALONG THE CHANNEL (um)

increases by a little amount, while the spreadXa¥V,; ; and _ ' '

AN,, . distributions does not show any appreciable increadgd: 3. Oxide trapped charge density{..) profiles along the channel as a
ot, e . C y PP . {Jnctlon of channel length. Stressing was donéat=1.2and4.25\WWp =5

The peak m_agthde @k V;; distribution Increases drasticallyy; for 100 s. The origin is chosen at the drain junction (IN), and the gate edge

for decreasingL.y, compared to the increase in the peals at 0.1:m. Electron trapping is shown in the negative scale.

magnitude ofAN,; profiles. As the oxide thickness of the
transistor is reduced, th& N;; profiles increase in magnitude (see Fig. 2). With the reduction &f,., increased avalanching is
but decrease in spread, see Fig. 4. On the other hand, §ferved (due to increasédl,,) as measured using substrate
AN, profiles decrease both in magnitude and in spread, aggrrent [16]-[18] (also shown later). Furthermore, the higher
for 7,. = 5 nm, we observe hardly any charge trapping, segansverse field aids in the carrier injection process. However,
Fig. 5. Therefore, it is evident that with the reduction in devicge zone inside the oxide where the electric field lines both orig-
dimensions, the hot-carrier induced charge trapping will hgate and terminate at the substrate (close to the point where the
insignificant andV;; generation will become the dominantransverse electric field changes sign), gets reduced in spread
degradation mode [3]. We have found identidalr and 7.  due to stronger transverse fields. Note that the two-dimensional
dependent trends a¥;; generation for stressing &: = 1.2 (2-D) field distribution in this zone is responsible for lateral
and 4.25 V (not shown). spreading of injected carriers inside the oxide [7]. Therefore for
) ) ] ) thinnerT,,., larger carrier injection takes place, but the injected

B. Physical Explanation of the Effect of Device Scaling on 4 yiers are confined to a narrow zone and cannot spread out,
Damage Profiles and theAN;, profiles get thinner in spread but larger in mag-

The observed..g and7,, dependence of thA N;; profiles nitude (see Fig. 4). This effect has important consequences for
can be explained as follows. We refer to the trapped-hole maobility degradation as discussed later.
combination model [34], where the simultaneous presence ofWe now explain the observell.; andZ,, dependence of
both hot electrons and hot holes are required in the oxide for tthe AN, profiles. Hole trapping is an efficient process due to
generation of interface traps. The increasaiN;, profiles for large capture cross-section of the hole traps and low hole mo-
lower L.g can be attributed to the increased lateral electric fielllity in the oxide. So, all the existing hole traps are rapidly
(EF1qt) and the drain currenf (), which result in increased car-filled during the initial period of stressing, for stressing times as
rier heating and avalanche [3], [4], [9], [10]. However, deviceow as 10 s [33], which inhibits further hole trapping. Therefore,
simulations with MINIMOS 6.0 show that the length of the vethe AN, ; profiles do not increase significantly with reduction
locity-saturated region (whergy,; is higher) remains almostin L.g (see Fig. 3). On the other hand, electron trapping takes
the same with the reduction @&f.¢. Therefore, with decreasing place at high; values where the transverse electric field in the
L.g, injection of hot electrons and holes takes place almost ow@tide is also higher, which results in field assisted detrapping of
the same area, and though the magnitude ofA&, profiles trapped electrons. This limits electron trapping, andAifé,, .
increases drastically, not much increase is observed in its spreeafiles do not increase significantly with the reduction/igy
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(see Fig. 3). For thinn€r,, ., the existing oxide traps are less in
number. Though carrier injection is enhanced for thinner oxides 6x10"'
(due to higher transverse electric field), the tunneling of trapped
carriers from regions close to the channel and gate interfaces re-
sults in lesser permanent charge trapping. These effects resultin
lesserAN,; generation a¥,,,. is reduced (see Fig. 5) [19]-[21].
However, their exists a finite possibility that the trapped oxide 2x10"' ¢
charges were released during the CP measurements for thinner
oxides, which may also be partially responsible for lowé&g

for smaller?,,.

We next study the effect oA N;; profiles on transconduc-
ta_nce Gm) degradatlpn over different channel lengths a”‘?' OXIQ_%_ 4. Interface-state densit\(V;.) profiles along the channel as a function
thicknesses. Experiments were performed for two differestoxide thickness. Stressing was dond’at = 2.5 V, Vi, = 5V, for 100 s.
stress conditions. In the first case, the stress biases were Kégtoriginis chosen at the drain junction (JN), and the gate edge (GE) is at 0.1
constant over channel lengths and oxide thicknesses to sttfdy
the worst-case damage condition. In this case, both the peak

4x10" |

-2
AN, (cm™)

0 . .
-0.08 -004 000 004 008
DISTANCE ALONG THE CHANNEL (um)

and the spread of thA N, profiles changes with the reduction 195102}

in device dimensions, and the correspondifg degradation

is studied. In the second case, the stiéssvas adjusted over 8.0x10"'

channel lengths and oxide thicknesses for identical substrate t a0x10"}

current {,,;) during stress. Sincé,,,, measures avalanching = 0.0

near the drain junction, the peak of tleV,; profiles remain Z ol

constant, while its spread is varied. Therefore, this experiment -4.0x10"

is useful to separately study the effect of damage spreagl,on soo! L= N ¢
degradation, over different channel length and oxide thickness 77 -0.08 -0.04 0.00 0.04 008

of the device. Results of these two types of stress are described DISTANCE ALONG THE CHANNEL (um)

in the next two sections. ) ) ) )
Fig. 5. Oxide trapped charge densitx{,.) profiles along the channel as

a function of oxide thickness. Stressing was don&at = 1.2 and 4.25 V,

. . Vn = 5V, for 100 s. The origin is chosen at the drain junction (JN), and the
C. Tra.‘nsconduc'[ance Degradatlon Under Constant Bias Streg%%e edge is at 0,2m. Electron trapping is shown in the negative scale.
Experiments

Figs. 6 and 7 show the interface-state density peak ,), the higher transverse electric field (thereby higher carrier injec-
the measured substrate current during stréss), the normal- tion) for such devices. Contrary 8V, ,, Ao shows opposing
ized peak transconductance degradatitvy.{/g.» .) (left ¥ trends with variation in device dimensions. With the reduction
axis), the spread of interface trap profila{) and the incre- in L.y, Ao increases by a factor of 1.2. On the other hand, with
mental CP current4..,) (righty axis) as a function of channel the reduction iri,., Ac reduces by a factor of 1.5. Hence, it is
length (Fig. 6) and oxide thickness (Fig. 7), measured from cogvident thatAo does not correlate with thi,,, trends. Further-
stant bias stress experiments. The stressing was performeehate, note that\l.,, is a measure of totaV,; generation and
Ve = 2.5V, Vp = 5V for 100 s, for all the channel lengthsis proportional toAN;; , x Ac. Therefore, a large increase in
and oxide thicknesses used in the study. The damage spreadAl., (a factor of 3.5) is observed dsg is reduced, while with
is defined as the length of the channel where the magnitudetioé reduction iril,,,, AL, is increased only by a factor of 1.8.
the generatedV;, is greater thars x 10*° (cm~?) [33]. Note  The observed trends iAN;, , and Ao are also reflected in
that this choice ofV;, to define the damage spread is somehe normalized peakg,,.. For the first time, thanks to the avail-
what arbitrary and a different cut-off value would result in a difability of spatial profiles, we are able to correlalg,,, depen-
ferent value ofAc. However we have found that the trends inlence onL.g and7},, with the individual variation ofAN;; ,,

Ao remains independent of the choice of the cut-off value. Tkéd As. Since bothAN;, , and Ac increase with the reduc-
transconductance (peak value) is calculated from/ihe- V;  tion in L.g (note that the fraction of the degraded channel is in-
characteristics measuredldb = 0.1V, both before and after creased by a factor of 4.8}g,, is increased by a factor of 5.4,
stress. much larger than the individual increaseAdV;, ,, andAo (see

As can be seen from Figs. 6 and 7, with the reduction Ig. 6). SimilarL.; dependence af,, degradation have been
both L.y andZ,., an increase is observed in the measutgd reported earlier [9]-[12]. On the other harl}V;, , increases
during stress. Therefore, an increase is also observed in the paa#k Ao decreases with the reduction .., so no significant
value of theA N;, profiles. With the reduction il (from 0.8 g, degradation (or improvement) is observed (see Fig. 7). Note
to 0.3um), I,.., andAN;, , are increased by a factor of 2.8 andhat our result is not in full agreement to those previously pub-
2.6, respectively, close to each other. With the reductidfi,in lished [16]-[18], where lessey,, degradation is reported (de-
(from 13 to 5 nm),/,..., and AN, , are increased by a factorspite higherl,,,;) for thinnerZ,,. However, it is important to
of 2.5 and 3.2, respectively. The high®f, ,, generation (com- note that despite highdt,,; for thinner’,,, the reduction of
pared to increase ih,,;) for thinner oxides can be attributed tothe spread of\ V;; profile is responsible for the observed trends

Authorized licensed use limited to: INDIAN INSTITUTE OF TECHNOLOGY BOMBAY. Downloaded on October 24, 2008 at 00:24 from |IEEE Xplore. Restrictions apply.



794 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 47, NO. 4, APRIL 2000

0.4 06 & = V.=V /2, [ =130pA
V,=2.5V,V =5V —O0—aN,, = §_ 05+ 6™ Vo' Tsup los
- o049, lg5 3 e T,=11nm
~ 203f t=100s L, = ® o o
e 2 —t—a  Jggq B =04 0-45(12
> §o02 N e 03} 02%
E=J 103 2 S .
x E 01 02 % 02} 200 &
2 - 102 = = a
A 3, —
Z oo} — - L 04FT —O—ag, —O-aN,,
. 1013 A ot A
-0.1¢ o nm \—’L‘ < 0% n N L " L " _0 3
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.0 2030405060708
CHANNEL LENGTH (um) CHANNEL LENGTH (um)

Fig. 6. Interface-state density peak ¥+, ,), substrate current during stressFig- 8. Interface-state density pealk i, ), spread Lo) (left y axis),
(I..+), normalized peak transconductance degradativg.{/g...) (Ieft y normalized peak transconducts_mce deg‘radatmgl,,(/gw, ), and fraction of
axis), interface-state density spreao), and incremental charge pumpingthe degraded channebé, f) (right y axis) as a function of channel length
current (A1..,) (right y axis) as a function of channel length ;). Stressing  (Lerr)- Stressing was done & = Vp/2, [,.s = 130 pAfor 100 s on a
was done ate; = 2.5 V, Vi, = 5 V/ for 100 s on a transistor haviri,, = 11 transistor havingc.. = 11 nm.

nm.
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567 8 910111213 Fig. 9. Interface-state density peaR ., ,), spread Qo) (left y axis),
OXIDE THICKNESS (nm) normalized peak transconductance degradatiog,(/ g..., ), and fraction of

the degraded channel\g, f) (right y axis) as a function of oxide thickness
(T,.). Stressing was done & = Vp/2, I,., = 130 pAfor 100 s on a

Fig. 7. Interface-state density peak\{V; , substrate current durin ; .
9 y P Yic. ) 9 transistor having..,c = 0.3 gm.

stress [,.:), normalized peak transconductance degradatidg,.(/¢.....)
(left y axis), interface-state density spreafia), and incremental charge

pumping currentfI.,) (right ¥ axis) as a function of oxide thickness.(.). . L . . .
Stressing was done g& =25V, Vp = 5V for 100 s on a transistor having with the reduction inL.g, and hence an increase is observed in

Lo = 0.3 pm. Ag,, (a factor of 2.3, see Fig. 8). On the other hand, with the
reduction inZ,,, Ao, f is reduced by a factor of 3.5, and hence

in g,, degradation. Therefore, it is evident that the degrada- & decreage is observedxy,,, (by a factor of 2-9?- The lower

tion is affected not only by the peak magnitude of the generatd@crease imlg,, (compared tads, f) can be attributed to the

N, profile, but also by the spread of the degraded channel. T#ghtincrease i\ ;. , as discussed above. This again verifies

effect of Ao on g,, degradation is elaborated further in the folin@mbiguously the fact that the spread of the degraded channel
lowing discussion. is also responsible fay,, degradation, not jush Ny, ,,.

D. Transconductance Degradation Under Constant Substrate IV. CONCLUSION

Current Stress Experiments To summarize, a novel charge pumping technique is em-

Figs. 8 and 9 showAN;; ,,, As (lefty axis),Ag../gm, . and ployed to obtain the spatial profiles of interfad€;{) and oxide
the fraction of the degraded channdlA, f = Ao /L.r) (right trapped-charge/,:) in hot-carrier stressed MOSFET'’s. We
1y axis) as a function of channel length (Fig. 8) and oxide thickrave obtained a unique comprehensive set of data on damage
ness (Fig. 9), measured from constény, stress experiments. distributions for different stress biases, over different channel
The stressing was performed at tiig = V) /2 condition for length .g) and oxide thicknessIt,.) of the device. It has
100 s, and the stresg, was suitably adjusted over channebeen found that hole trappingy;: generation and electron
lengths and oxide thicknesses to obtain, = 130 A during trapping are the dominant degradation modes, respectively,
stress. for stressing at low, medium and high gate biases. With the
As can be seen from Figs. 8 and 9, singg is reduced and reduction inL.g, the AN, profiles increase both in magnitude
I, (hence, avalanching) is held constant with the reducti@md in spread, the increase in magnitude being much larger
in L.g and7},., no significant increase is observedMV,; ,. compared to the increase in spread. Only the peak oAtNg,
(The slight increase ith V;;_,, with lower 17, can be attributed profile increases with decreaseflg, though the increase
to higher injection in thinner oxides). However, the percentage much less compared to the corresponding increase in the
of the degraded channehg, f) stillincreases by a factor of 2.5 AN;; peak. With the reduction irf,,, the AN, profiles
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increase in magnitude but decrease in spread, while\tNg, [18]
profiles decrease both in magnitude and in spread. The possible
mechanisms responsible for such trends are discussed. It h%g]
been shown that for devices having smaller channel length

and thinner gate oxidéy,,, generation is insignificant, and the [20]
N;; generation (at medium gate bias) becomes the dominant

degradation mode. The observed peakdegradation is found [21]
to be dependent on both the peak magnitude and spread of
the generatedv;, profiles, and follows similar trends with the [22
variation in channel length and oxide thickness. This study

therefore provides fresh insight into the effect of device scaling%23
on the hot-carrier degradation process. ]
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