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A Novel Charge-Pumping Method for
Extracting the Lateral Distributions of
Interface-Trap and Effective Oxide-Trapped
Charge Densities in MOSFET Devices
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Abstract—A novel charge-pumping method using dc source/  teme(temn)  NON-steady-state electron (hole) emission
drain biases and specified gate waveforms is proposed to extract time.
the lateral distributions of interface-trap and effective oxide- ;
trapped charge densities. The surface potential redistribution due Ip(ls) Drain (source) current.
to the oxide-trapped charges is treated by an iteration process Vsup Sub;trate voltage. )
in order to accurately determine their lateral distributions. The Vps(Vsp)  Drain-to-source (Source-to-drain) voltage.
proposed novel method is feasible for accurately extracting the
distributions of interface-trap and effective oxide-trapped charge

densities generated by the hot-carrier stress and can be further . INTRODUCTION

used to predict the device lifetime. ITH THE continuing scaling of MOS devices, the hot-
carrier-induced device degradation has become a major
NOMENCLATURE reliability concern in sub- and deep-submicronmeter MOS-

FET's. It is believed that the degradation is mainly due to the

Vrig Flatband voltage. . .
Ven(Var)  High (low) voltage of the gate pulses. effects of the genergted oxide-trapped charges and mterf_ace-
T (Tr) Time of the high (low) gate bias per cycle. t_raps_at the Si-Si® m_terface. In genera_l, the large electn_c
I Effective channel length. fpld is strongly localized near_the dral_n,.therefore, carrier
Vi Threshold voltage. injection and |.nterface—t.rap creation are similarly cc.)ncgr?trat.ed.
1o (ps) Surface electron (hole) concentration. The strongly inharmonious characters_ of hot-carrier injection
i Thermal velocity. and re_sulted damages pr_esent a considerable challenge to both
0p0(0n0) Hole (Electron) capture cross section. experimental and modeling efforts. _
E Intrinsic Fermi energy. .One v_veII—known experimental approach for_measunng the
i Intrinsic carrier concentration. Si-SiG, interface-traps created by the hot-carrier stress is the
Nit (N) (Average) Interface-trap density per unit eng:harge-pumping technique [1]-[11]. In 1988, the ac drain_
ergy. pulse_technlque had_be_en propo_sed to measure the spatial
Oir Effective oxide trapped charge density. var|at|0_ns of hot-carrier-induced interface-trap density near
E, Trap energy level. the_ dram from.small—geometry MOSFET’s [12]. After then,
q Elementary charge. a similar technique had been developed to measure the lateral
W Effective channel width. distribution of effective oxide-trapped charges [13]. However,
f Frequency of gate pulses. acco_rding to_our rec_ent research [14], it @s shown '_[ha_t the
T Lateral position along the channel. physical basis of using thel ac source/c!raln pulses is incor-
Lep(Tuat) (Maximum) Charge pumping current. rect .qnd the charge-pum_pmg cgrrent is shqwn to.be not
Qun(Qunt) (Maximum) Recombined charge density pe;ensmve FQ surface electric f_|eld in the inversion region but
b cycle. only sensitive to surface carrier concentration. Moreover, the

Sr(Sr) Absolute slope of the rise (fall) edges of theextracted re_sults using the ac source/drain m_ethod are sensitive
to the applied waveforms and the delay time between the

gate pulses. i .
L Boltzmann constant. gate and source/drain pulses. Recently, a simple method has
T Absolute temperature been proposed to derive the spatial distribution of hot-carrier

induced interface-trap density [15], however, this method can
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Publisher Item Identifier S 0018-9383(97)03000-1. charge densities. Based on the proposed new method, we can

0018-9383/97$10.000 1997 IEEE



LI et al: NOVEL CHARGE-PUMPING METHOD 783

with V1, to obtain 3 and ¢,9. The experimental setup and
on output | PULSE the applied waveforms for the gate pulse are shown in Fig. 1.
VU GENERATOR Similarly, the charge-pumping current per cycle related to the
Ve - maximum gate voltagé’wi can be expressed as
\ Icp
[ GATE ] =2(Ven)
o oo Nt | f
p - type Silicon I v -«
— Isat [1 — exp <— <—th nonS(VGH)TH> ) (2)
——— f I-«a
- VSUB
Current Meter wherea ando,,o can also be extracted from thg,/f — Vau
— curves of a long-channel MOS device. For n-MOSFET'’s used
@ in this paper,« and 3 are 0.326 and 0.3884,,0 and o, are
Ve 1.08E-17 and 2.16E-16 cm, respectively.
A From (1), the charge density recombined in a cycle can be
Veu expressed as
Icp
Sk=(Vu-Ver)/(T3-T2) Qep(Var) = WL = @

1-8
e (~(2n0am) )| o
VoL

0 ;l,1 : > For a device with nonuniform interface-trap density, (3) can
be rewritten as

(b)
Fig. 1. (a) The experimental setup and (b) the applied gate pulse WaVEiQBp(VGLy 37)
for charge-pumping current measurement.
[1 — exp <— <

;

1-3
?}f]gps(VGLJ)TL) )] (4)

= Qsat (.’L’)
obtain the same damage profiles from the measured data under
different gate or substrate biases. A detailed description of th@are + is the position along the channel direction, and

proposed new method is given in Section |, which includeé «(z) can be approximately expressed as
model derivations, applied gate waveform for measurements,
“Ea ()

and iteration process to obtain the accurate interface-trap
density distribution. In Section II, the experimental results Qsat (%) ZQ/ Ny (E,z)dE
are presented, in which both the spatial damage distributions JE@)
along the channel direction and the energy distribution of the =qNi(2)(Ea(z) — E1(x)) ©)
interface traps in the bandgap have been extracted. In the {,a\}%
section, conclusions are made.
kT
Il. MODEL DERIVATIONS AND EXTRACTION METHOD Ei(z) = Bi + q log (7povimnitenn(z)) ©

Based on a new charge-pumping current model [14] for g
long-channel n-MOSFET with uniform interface-trap density
distribution, the charge-pumping current per cycle related to Ey(z)=F; - kT 108 (GnoUeniteme()). (7)
the minimum gate voltag&,. can be expressed as q

Lep (Vo) Note thatVj; is the average interface-trap density frdip to

f Es;temn(feme) 1S the nonsteady-state hole(electron) emission

Lo VehOp0 1= time [5]. For simplicity, Qs.¢(x) at the proximity of the

7 1—exp —< 1-5 Ps(VGL)TL> (1) source/drain junction is assumed to be only related to the
interface-trap density, i.eF; and E> are independent of,

where I, is the saturation charge pumping current when thendt..,,;, andt..,. can be separately approximated as

silicon surface is strongly inverted &g, which is the func-

tion of Sz, Sr, and Vsyg; 4 and oo can be obtained easily T Vin — Vis (8)
from the I,/ f — Var curves of a long-channel MOS device Sr

[14]; thep, (V1) value can be obtained from two-dimensional

(2-D) numerical analysis. Note that the waveform used is

important to obtain the correct results, t8e;, Sy, T4, 17, Vin — Vs )

teme =
and Vsug values are kept constant and the period is varied SF



784 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 44, NO. 5, MAY 1997

1.4e-15 T T T T T 1.2e-16
\ISUB‘—' '2.1V
G——0 A(I/) : stressed for 2000 sec
1.2e-15 C
®—@A(I/h : fresh 1 le-16
le-15
8e-17 >
_ -
N
8e-16 <
= 5
g 6e-17 E
Y Ge-16 E
&) ~—
)
< 4 4e-17
4e-16 [
e
2e-16 | 121
0 L n | n ] n 0
1.5 2.0 2.5 3.0 35 4.0
Vg, (Volt)

Fig. 2. The determination ofAV. induced by the hot-carrier stress.

From (8) and (9), it is clear thab,,; is a function ofVsyg (10) can be expressed as
through V;;,. The total charge-pumping current per cycle for

a device can be written as Iep (Var, Vous)
Iy For
= (Var, Vsus, Sk, SF) oo
f = W/ Qsat(Vsus, #)F(Var, Vsus, #) dz - (12)
= W/Qsat(VSUBa Sr,Sr,z)F(Var, Vsus,z)dz  (10) -
and the charge pumping current difference per cycle measured
where from two low gate voltage&Vi 1 andVi o) can be written as
F(Vav, Vsus, z) I o
s 15 AT = qW(Ba = By) | Na(P(Vrs Vaun.o)
=1- exp —< 3 ps(VGL)TL> . (11) —
1= — F(Vgra, Vsus, z)) da. (13)

If the silicon surface is accumulated &y, F' is equal to

1 in the middle of the channel and decreases to 0 rapid
at somewhere near the source/drain junction. The principal
concept for obtaining the local interface-trap density is to A
measure the charge-pumping current contributed by a local
area. In the previous methods [12], [13], the difference of — F(Vara, Vsus, x)) dx (14)
the charge-pumping current measured with different substrate

biases is used to extract the local interface-trap density. Howherex = 0 is located at the center of the channel Vi,
ever, becausé);,; changes withVsyg, it becomes difficult and Vo are low enough to have the accumulated silicon
to obtain accurately the charge-pumping current differenserface,(F(Vgr1, Vsus, ) — F(Vare, Vsus, z)) will be a
contributed completely by a local area. Using (8)—(9), it ikighly localized weighting function near the junction, then we
obvious that if we keefd/’sup, Sg, and Sg unchanged, then can obtain (15), shown at the bottom of the page, where

fythe device is symmetrical, (13) can be rewritten as

Iep pagu—
=L =2qW(E, — El)/ Nie(F(Var, Vsus, )
0

Ao
Nie(T) ~ 3 : (19)
2qW(Eo — El)/ (F(Vary, Vsus, «) — F(Vgr2, Vsus, x)) dz
0
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TABLE |
Device PARAMETERS OF THEN-MOSFET WsED IN THIS PAPER
Device Conventional
Parameters n-MOSFET
Flatband Voltage, Vep(Volt) —0.845
Gate Oxide Thickness, To(A) 143
Source/Drain Junction Depth,rj(um) 0.22
HOT_CARRIER
STRESS Lateral $/D diffusion factor,f 0.7
[-V CHARACTERISTICS Metallurgical Channel Length,Lpe(um) 0.58
MEASUREMENT
¢ Substrate Dopant Concentration,Ng(cm™) 3.5E15
N R Y )
C”ARﬁEASIU%%}]\AlgﬁTCURRENT Implantation Dose,®(cm?) 1.04E13
q/ Implantation Depth,R;1(um) 0.51
1V CHARACTERISTICS
MFASUREMENT o )
FOR CHECKING Standard Deviation of Implantation, AR (um) 0.75
\ u Contact Resistance,Rqo(ohm) 4.0
0
yes . ) .
m wherep,. can be obtained from two MOSFET’s with different
channel lengths. Using (17), (15) can be rewritten as
Fig. 3. A flowchart showing the extraction process. Aﬁ
xr1 + 22
Nit< ) ~ / (18)
2 2(]W(E2 - El)(azl - 372)
wherez; andz, can be obtained from,(Veri, Vsup, 1) =
0o pe and p;(Ver2, Vsus, 22) = p.. However, the accuracy of
2(F(Vari, Vsus, ©) — F(Vare, Vsus, 7)) dx (18) becomes poor when the interface-trap density is a fast
7=29_ . changing function along the channel direction. Note that (15)
(F(Vari, Vaus, ) — F(Vara, Vaus, 7)) do and (18) can be used to calculate the interface-trap density
? ) ) ) . . .
0 of the unstressed devices. For the hot-carrier-stressed devices

(16) one should measure the charge-pumping current before and
after stress. Assuming the hot-carrier-induced damages only
happen near the drain side, the increased interface-trap density

Note that Vg used to measuré\(l.,/f) should be high can be written as (19), shown at the bottom of the page, or
enough to strongly invert the silicon surface. Calculatingt

Vo1 and Vo using a 2-D device simulator, we can obtain 1+
. . . . . . 1 2
interface-trap density distribution using (15). ANit( )
If there is no long-channel device to extract the parameters I I
(8 and 0, ), an alternative method can be used. Using the <Aﬂ> - <Aﬂ>
“effective area” approach [16], we have f J siressed f J unstressed

20

qW(E2 - El)(xl - 372) ( )
_ Note that the integral range in (19) is limited in the drain
F(Var, Vsus,z) =0 if ps(Var, Vsus, ) > pe side: I is the distribution function after stress, which will be
F(Var, Vsus,z) =1 if ps(Var, Vsub, %) < pe (17) discussed later.

),
AN_lt(f) ~ = stressed unstressed

gW(Eo — El)/ (F(Vary, Vsus, x) — F(Vgr2, Vsus, x)) dz
0

(19)
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Fig. 4. The measured (a)(I.p/f) — Vau curves and (b) interface-trap density distribution near the source/drain junction before stress.

To check whether the self-consistent result can be obtainadd
the charge-pumping current can be measured with different S ~ Vin(Vsus) — VeB + |VSUB|S 0 29
substrate biases. To keep the integral range in the bandgap to r(Vsus) = Vin(0) — Vrp #(0). (22)

be the same for all measurement, and Sy should change one of the major benefits of the proposed new method using
with VS_UB to keepEs andE; (i.e.,teme and_temh) unchanged. q¢ source/drain biases and varigg, is that we can obtain the
According to (8) and (9)5r and Sr for different Vsus €an - accurateA (I, /f) — Van curves contributed by a small region
be approximated as near the source/drain junction, as shown in Fig. 2. Using
S _ Vin(Vsus) = VB + |VSUB|S >1y the method with ac source/drain biases [13], overshoot or
r(Vsup) = r(0)  (21) . ]
Vin(0) — Vi undershoot is usually found in th®(1.,/ f) — Vau curves and
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Fig. 5. Comparisons of (a) the interface-trap density and (b) the effective oxide-trapped charges before and after the adjustment of thersiafabapgés.

the accuracy of the extracted effective oxide-trapped chargkethe unstressed device is a functionaofand will decrease

density becomes very poor. The effective oxide-trapped charghen closing to the drain junction.
In general, adjustment of the surface potential variation after

density can be derived from thHé. difference after stress
the hot-carrier stress is needed if the induced damages vary the
F function in (19) seriously. In that case, the iteration of the

(23)
F function and the calculated;;(z) and Q. (x) profiles are

Qi (T) = AV.Cox

whereV, is the voltage related to the half-maximum value afieeded: thel" function of the fresh device calculated by a
the A(Z.,/f) — Van curves, as shown in Fig. 2. Note thigt  2-D device simulator is used to calculad;(x) and Q;.(x)
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Fig. 6. Comparisons of the interface-trap density distribution obtained from (19) and (20).

initially, and then the calculated;;(x) and Q;;(x) are used bias. Therefore, this check becomes very important to prevent
to simulate the newr" function, and the process is repeatethe wrong analysis for the hot-carrier induced damages. The dc
until the convergence is obtained. Usually, it takes three stress conditions used in this work drg =1V, Vps = 6.5

four iterations to derive the final results. V and Vsup = 0 V. The charge-pumping current is measured
for different stress times to observe the time dependences of
[ll. EXPERIMENTAL RESULTS AND SIMULATION interface-trap and oxide-trapped charge generation.

In this section, the hot-carrier stress experiments are P&~ v, Distribution of the Unstressed Device
sented, the induced interface-trap and effective oxide-trapped
charge densities are extracted. The experimental transistor usedsing (15), the interface-trap density near the junction can
to demonstrate the novel method proposed in this paper is e obtained. Thel.,/f — Ven curves are measured with
same as that used in [14], [16] and is an n-channel MOSFET,; varying from —2.8 + Vgup to —1.2 + Vsyp and Vsyup
with the effective channel length of 0.58n and the channel varying from 0 to—2.7 V. The typicall.,/f — Vou and
width of 100 zm. The device structure parameters given i\(I.,/f) — Vgu curves of an unstressed device are shown
Table | are measured or extrated for accurately simulatifg Fig. 4(a). It is obvious that the\(I.,/f) — Vau curves
the -V characteristics of the fresh sample, in which thebtained from different/;;, are smooth and can be used to
source/drain junction depth of 0.22m was determined by derive V, of the unstressed device. The saturation values of
SIMS analysis. Note that the metallurgical junction depth ithe A(Ip/f) — Vi curves are used to calculafé; of the
lateral (f - r;) is determined by the source/drain junctioninstressed device, and bofi(0) and S(0) are 2E6 VI/s.
depth(r;) and the lateral diffusion factoff) through/—V  As shown in Fig. 4(b), theN;, distributions derived from
simulation. From Table I, it is shown that the location ofjifferent Vg, and Vsup are self-consistent, and this means
lateral metallurgical source/drain junction depthfis r; = that the developed technique is stable and reliable. It is clearly
0.7 x 0.22 pm = 0.154 pm, which is only used as the shown that the interface-trap density is constant in the center
reference point for profiling the distributions of interface trapf the channel and increases when closing to the source/drain
and oxide-trapped charge. The extraction process for the hiction, and the peak value appears at the proximity of the
carrier stress induced;, and Q;; is shown in Fig. 3. Note junction. Itis the first time that the spatial interface-trap density

that the -V characteristics are measured before and aftgistribution of an unstressed device can be measured so well.
the charge-pumping current measurement to check whether

or not the gate pulses used in the charge-pumping current . o

measurement have degraded the device. To our experience Bh@patial Distributions ofVi; and Q;;

charge-pumping current measurement could induce the devidgduced by Hot-Carrier Stress

damages when the surface is strongly accumulated With The process of the charge-pumping current measurement
and the source/drain junction is applied with a high reverser the stressed MOSFET devices is the same as that of the
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Fig. 7. The extracted (a) interface-trap density and (b) effective oxide-trapped charges for different stress times.

unstressed case, but (19) and (23) are usedMgrand (J;; have converged to the stable values, and the values derived
extractions. Because serious positive oxide-trapped chargesfesen different measuring conditions are shown to be self-
found after stress and the change of the surface potentiahsistent, as shown in Fig. 5. THé; distribution derived
near the drain junction cannot be ignored. Therefore, tifiem (20) is shown in Fig. 6 and is compared to that derived
iteration process mentioned in the previous section is necessaoyn (19), it is obvious that the difference appears at the
to obtain the accurate distribution. At the beginning, thie proximity of the drain junction because of the inharmonious
function of the unstressed device is used to calcuMteand /N;; distribution near the drain junction. Therefore, (20) is
Q;:, and after four iterations, the calculatdti and@;; values a good approximation only for the case with smoath,



790 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 44, NO. 5, MAY 1997

le+13 .

Stress conditions : Vg =6.5V,Vzg =1V
o - - o fresh

8e+12 | * — — @ stressed for 2000 sec

o - — o stressed for 10000 sec

+ - — -+ stressed for 40000 sec

& - - 4 stressed for 100000 sec

6e+12 -

N, (cm”)

de+12 [

2e+12

04 02 0.0
E-E(cV)

Fig. 8. The measured interface-trap density distribution in the bandgap for different stress times.

distribution. Note that the similar “effective area” approachnd that in the lower part of the bandgap can be expressed as
for (20) had been used in all previous works to extract

the spatial N, distribution, and this approach could induce t, dlep
obvious error because the peak of tNg distribution will be Nige(E2) =— dt, (25)
smoothed out. Thé&V;; andQ;; distributions after several stress qukT/F(VGLa Vsus, ) dz

times are shown in Fig. 7. Although the structure parameters

shown in Table. | have two decadeg ””T?fa'athe}’ are oite that measuring the energy distribution of interface traps
used to Qetermlpe Fhe refgrence point (*0” point) n Iate'ra&fter the hot-carrier stress is useful for the 2-D numerical
The spatial distributions of interface-trap and effective oXidgs jjation of the stressedlV’ characteristics. The extracted

trapped charge densities relative to the reference point (“Qi; it

point) are computed iteratively by the charge-pumping edUfpere appear two peaks in the upper band, this means that

tions given in Section Il from the measured charge-pumpifere are two kinds of major interface-traps generated during
data; therefore, the resolution of three-decades numeral canybe | i_carrier stress

obtained. Note that the pedk; profiled by our novel charge-

pumping technique isn’t located at the lateral drain junction,

but is located in the gate-overlapped drain. This phenomenon IV. CONCLUSIONS

is reasonable because the nonlocal effect [17], [18] of hot

electrons will displace the peak distribution of hot electrons An accurate and reliable charge-pumping method using dc
from the peak lateral electric field. The distance from theource/drain biases is developed to extract the lateral distribu-
lateral drain junctions and the generated peak interface traﬂ%‘s of both interface-trap and effective oxide-trapped charge
is about 0.003:m (30A) and this magnitude is approximatelydensities. Using the specified gate pulses with fidgd 77,

equal to the mean-free-path of hot electron and optical surfag@d the variedSg, Sy with Vsyg, the smoothA(L,/ f) —
phonon scattering. Va1 curves related to a localized area near the drain(source)

junction can be easily obtained and the interface-trap and
effective oxide-trapped charge densities related to this area
can be calculated at the same time. The effects of the hot-
Assuming that the energy distribution is independent of theirrier-stress inducety;; andQ;; on the surface potential are
spatial position, the distribution a¥;; in the upper part of the considered in this work to derive the accurate results. It is
bandgap can be expressed as [11] shown that theV;, and@Q;; distributions derived from different
Var or Vsyp are self-consistent. It should be emphasized that
Loy (24) the developed method can also be applied to p-channel or LDD
qukT/F(VGL,VSUB,w) dx dty MOSFET'g. Therefore, the developed qovel charge—pumplmg
method will give the accurate analysis of the hot-carrier

C. Energy Distribution ofV;; in the Bandgap

N t d
Nite(Eo) = — !
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generated interface-trap and oxide-traps, which becomes th~ Yu-Lin Chu (S'91) was born in Taiwan, R.0.C., on
basis for future hot-carrier lifetime prediction. September 10, 1968. He received the B.S. degree
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(20]

[11]

[12]

(23]

[14]

(18]
[16]

(17]

(18]

from the Department of Material Science and Engi-
neering, National Tsing-Hua University, Taiwan, in
1991, and the M.S. degree from the Institute of Elec-
tronics, National Chiao-Tung University, Hsinchu,
Taiwan, in 1993. He is currently pursuing the Ph.D.
degree at the same institute. His present research
areas focuses on deep-semiconductor MOS device
physics and reliability issues, especially the charge-
pumping technique.
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