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Review and background
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Measurement is a complex process

We periodically stop the stress and measure defects ...
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The measurements are often complex and interpretation of
data depends on our interpretation of measurement
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Algorithm of DC-IV measurement

Traps
Source Gate Drain Source
Base T — R R
Si0, Q, Qo m IO > In| | p P
n+ n+ p+ base S A >
contact V [2—= N /‘- \—
p-base well O E N i = Vo2 BODY
‘Depletion Region ! g
(not in scale) '
Substrate

|. Initialize by Forward biasing the source-substrate junction
with a small V,, so that just a small forward current exists.

2. Stress to the device by increasing VG for stress duration

3. For measurement, set V=0 and measure/record terminal

current. Observe the changg if-.gurrent. Back to step 2.



The logic of DC-IV measurement
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Another View
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DC-IV measurement: Short Derivation

WR: Aﬂ(XzO)XS*XqX(Xn"'Xp)OC D; (x=0,1)

(D'nxp=nZexp(F, - F, /k;T, )=n?exp(aV, /KT)

n=p=n’exp(qV,/2k,T) _— Traps

R . V4% : TR
An=n-n =n X[eXp(qVO/ZkBTL)-ﬂ v p\ ) ’ Q)
~ N, XxEXP (qVO/ZkBTL) i ; i e t L vy2 Bopy

(2) $*~o,0,Dy (FN - FP)
=0,V D114V,

(3) Xn T Xp ~ \/VBI _Vo Alam ECE-695




Spatial Profiling: VG-dependent Peak

IR(V(\BA’/tstress) ZAn(X@ n= p)XS*XCIX(Xn —I—Xp)OC DIT (X(VG)!tstress)
nx p=nexp(F, - F, /KT, )=n7exp(aV, /kT) I
n(x(Ve))=p(x(Vs))=n’exp(aV,/2ksT)

-ve V¢ V=0 \ Ve
Peak np D

v
X
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An Example: Profiling based on DV-IV

Gate Edge

Y (a.u.)

(into substrate) X (a.u.)

(along the channel)
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An Example: Profiling based on DC-IV

Ec By Qey Qep (1)

r Gate Spacer -
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An Example: DC-IV and lifetime prediction

How DC-|V is used to detect universality of HCI degradation

Eci By Qpy Qep (L)

E. VG=-O.6

° VB:O.4V ;
Ei QFN

| X .(a.u.).

El
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7.5V 1

10° 10° 10"
Time (s)

Evolution of defect in each location can be traced
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Recall: Properties of Interface Defects

Flux-based method |: Direct Current-Voltage method
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Algorithm of charge pumping method
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The mechanism of charge pumping
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How do charges flow
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Algorithm of Charge Pumping Technique
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Charge pumping Flux Components
QSS=Abqjq'”m“D.T(E)dE = AQ* (D )AY  AY =V Vo]
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Homework: A few steps in the derivation

dn
I'n :_(_j =C, P N—-€n; = €, =C, ( pTO/nTO)nO =C.n
dt R-G
E; —E
e =7 ¢ ET_1=(U c)')_1 _ ke T
n em n c th n, =N xe€ 8 Eq 5.18, SDF
E. —E =—kgT, In(v,0on7,.,)

ICP=|3/D=q2AG< IT Xfx[Eemh eme:|

=20°As (D )x £ xKgT, | In(0,f,0,1,) +05xIn(z, . x7,0) |
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Charge Pumping Technique

= (00) 1 [ foion ) r05xiGe x )]
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Obviating the need of capture coefficients

lp =20 (LxW )(D;; ) f x kgT,

\ !

)X 10
dlp/dL=qWfD <AE>
W=245um
< <
o 1 2.2x107° is
- A/um
D,.=1.5x10"*/cm?/eV
0
0 20 40
L epanner (HM)
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Spatial Profiling by Charge Pumping

_'\ / "

Pumped region
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Homework: Defect Profiling by CP

\Y
AICP (Vbase) = AICP,s (Vbase) _AICP (Vbase) T ©

o [ Ny (Dey+ [ Ny (y)dly

Y 0

A&
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__[ Nn()’)dY—jN.T(y)dy _/:(— 1\
! 0 ! I
T N\
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Example: Profiling based on CP and DV-IV

Ecr By Qeyr Qpp (@)

X .(a.u.).

D (CP) (a.u)

Charge DC IV
Pumping Method
" Gate Spacer T Gate Spacer

X (a.u.)

Both anticipate peaks in similar position
Both confirm universal scaling
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MFCP: Bulk trapping at low frequency

M. Masuduzzaman TED, 55(12), 3421, 2008.

E L independent
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Conclusions

Careful measurement techniques is the first step of doing
physics — reliability physics is no exception.

Both DC-IV and CP methods are widely used because of their
simplicity and ability to provide wealth of information.

CP method constantly evolving. Modern variants like multi-
frequency CP can probe bulk traps, transient CP can measure
defect in SOI, etc.

Once the NBTI relaxation issues were understood, CP and

DCIV method needed to be augmented by on-the-fly methods.

Alam ECE-695
28



Notes and References

Schroeder has an excellent book on Device
Characterization. See Semiconductor Materials and
Device Characterization, 3™ Edition, John Wiley.

The DC-IV method is a generalization of the gated-
diode method. It was originally developed by CT
Sah (see for example, Proc. IRE, p. 1623, 1961;
TED, p. 1962, 1962. and then generalized by in
modern form by Neugroschel, See for example,
TED 42(9), pp 1657, 1995. Also, see TED, 43(1),
137, 1996)

Note that the DCIV method is closely related to
gated diode method and GIDL techniques. These
related methods are easier to interpret, but
difficult to measure with high accuracy.

The original paper by Guido Groesenekan still
remains the best. A reliable approach to charge
pumping in MOS transistors, 31(1), 41, 1984. The
first order by JS Brugler and PGA Jespers, TED,
16(3), 297, 1969.

Determining the capture cross-section is always a
challenge. | explained one method by rise-and-fall

time. Other approaches involving 3-level CP is also
possible, see NS Saks, EDL, 11(8), 339, 1990.

Spatial profiling of defects by with variable base CP
is discussed in detail in Solid State Electronics, 43,
915, 1999 by S. Mahapatra et al.

M. Masuduzzaman generalized the technique to
explore bulk defects see Exploring the Capability of
Multi-frequency Charge Pumping in Resolving
Location and Energy Levels of Traps Within
Dielectric, 55(12), 3421, 2008.

The CP method relevant to SOI which does not
have bulk gate devices is discussed in EDL, 23(5),
279,2002 by S. Okhonin.
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)
2)

3)

4)

)

6)

7)

Self-Test Questions

Between DCIV and CP methods, which one is easier and why?

In what ways are CP and DCIV methods better at characterizing
traps compared to C-V methods!?

What are the problems of using CP, DCIV, C-V methods for NBTI
measurements!

Which method does not suffer from the same problem as CP, DCIV,
etc. for NBTIl and HCI applications!?

What method would you use to determine the density of midgap
states!

CP frequency has to be kept relatively high to probe interface traps;
can you explain why?

Why can you not use classical CP for SOI devices?
Alam’ ECE-695
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Appendices

|.A detailed derivation of the DC-IV method
2. Spatial profiling by DC-IV method by two techniques
3. Difference between gated-diode and DC-|V
4. Spatial profiling by charge pumping method

5. Multi-frequency charge pumping method



DC-IV measurement: Short Derivation

| .
WR: Aﬂ(XzO)XS XqX(Xn"'Xp)OC D; (x=0,1)

() nxp=nZexp(F, -F,/k;T, )=n7exp(qV, /KT)

n=p=n’exp(qV,/2k,T)

Souge W77 Traps: R
An=n-n,=n x| exp(qV,/2k,T, )-1] N -
i i t
~ N, xeXP (qVO / 2kBTL ) VO/Z_‘; g\DepIeti o\n/Region/‘; Jj v,/2 “BODY

(2) S*~o,w,D, (FN - FP)
— GoUth DIT qVO

(3) Xy T Xp ~ \/VBI _Vo Alam ECE-695
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Theory of DC-IV: Proper Derivation

%% D, (E)o,V
R, = U ot dE |.(n,p, —n?Z)dXx
Iu,(n 0, )+ (P, + P }

X

In forward bias, N, 2n, & p,=p; P n

Xo [ Fn n p _n_2 .
Rs=;!. E“DW(E)-O'OVth-dE ( ;]S:_ps' J.dx:IxS N

Xx 1 1
F—-E=qV,| —+—=| E - F=—V —_———
n i =0 o(W 2) . EC‘2|695(W 2) Ex.5.6,ADF
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Theory of DC-IV: Proper Derivation

5 2 gV, /k,T
5 = | PP ok f e dx
L\ N+ ps n e BT 4 gd(B-Fe)/kT
p

( )

X, n 200Vo/ksT g = qV0
=j x 1 x 1 dx B K. T
A BRI e B

"\ ne +ne ) ax
0 p _——
=ne?? W j dp —=n W g2 [ tan (o0) —tan(—oo) | W
asdelte” a W =X, +X,
— zﬂeaﬁ =n ZWkBT eqvo/szT
2 a/2 '2 qV,
. 2k T f:
1% = | xS =(W “B et/ Jx fj D.(E).o,v,.dE
qV 2
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Theory of DC-IV: Proper Derivation

2 2 GV /k,T *
|peak=nsps_ni S* n-e 0% % S

—_ qVo/2kT @ *
B x=0 1 x=0 1 =N S
n, + P qu(—+§j / Ky T —qu(——Ej / Ko T

ne " +n.e "

Ié)eak _ Wni quO/Zka S* ~ 2 CIVO

I;ot&' - ﬂ'WkBT n_quO/ZKBT S* 7T 2kBT
2 qV,
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2. Spatial Profiling:
VG-dependent Peak Location

IR(\/C\5A’/t3”335) - An(x@ n= p))( S* )(C])((Xn +Xp) oC D|T(X(VG)’tstress)

nx p= nfexp(FN - Fp/kBTL): n‘exp(aV, / KT)

n(X(\/G)): p(x(\/G)): ni2exp(qV0/2kBT) /%¢
-ve V; V=0 /_A‘, \\*\\ Ve
Peak np - > x
N / _\}
==E== §— ; -
R
Xp < o X Xo < o *n Xp ) o
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Spatial Profiling:
Localized vs. Delocalized Damage

Collector Emitter

dl,
_qWD|T (y) RSRH (y VGB ’VSB)

D g Drain GeGate  Source %S Measure Ig vs.Vpp
SiO,. L-ys (Vsg.Ves)
OMA A N A A | o qu Yo Vog Veg ) DIT (y) RSRH (y1VGB’VSB)dy
n+ IT % —“‘-'-----___.n+
gesssa: #(2)
l«Yp L R | dF _ d J‘ f(x,a)dx
 da da
:IBJr Body, X : ¢ dy 7@)
A\l : =) —-fwa) s [ —f(xa)d

0 0 unstressed ) dVDB VDB
| I b

| ov V — 11 -

- c8 *» . The method discussed in previous
y=0 ¥p y— L-ys L

slide works for localized defects only
Sah, EDL, 17(2), 1996. Alam ECE-695 37



3. Difference between Gated Diode and DC-IV

Gated Diode DCIV
Typically reversed biased Forward biased

Small current Large current

Also IB=IE IB<<IE better resolution

| D potential 2D potential approx.as 1D

Alam ECE-695
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Difference between Gated Diode and DC-IV

V 1
XOJ( 1+ 2VL—1J 0< ¢, <Vy, + 24,
0X o

¢s >VD1 + 2¢F

"4 All three components

Interface
inaccessible
after inversion

KS
W 26, % (Vo + Vi) K
1= aN W, =1
g 2K Xy (VDl + 20 )
. qN
Cl:DoIISCth Emitter active
rain G ¢Gate Source 9 S /‘
A A
n+ ® "‘MJTJW__OM
T R, Rt |
| p-Base I I GIJ
y Iz Base,B 11 - i
lg, sody x 11 Only D-B de.pletlon
In accumulation
an AW, an AW, ’
=1, +1,,+I= + +qgn. AW, S
Tg,J Tg G
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4. Spatial Profiling by Charge Pumping

N

Pumped region
Alam ECE-695
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Spatial Profiling by Charge Pumping
Before stress .

|op (Viase) j Ny (y)dy + j Nyr (y)dy Ve

-V | |

y, is defined by V5 (Y,) =V,

Lo Vigp) (j Nyr (y)dy + j N.T(y)dyJ

~m Y2,s
y, is defined by V,,(y,) =V, . 1,72
ym IS deflned by VFB (ym) = base,min ﬂ —",‘___.:.___.__._ __________ \ Vth
After stress | ' '
lop (Vi) € j Npr (y)dy + I Npr 5 (y)dy \ /
2, Pumped region
loo (Vp) | | Nip (y)ely+ j N+ (y)dy
~m Yas Alam ECE-695 H



Defect Profiling by Charge Pumping

\Y
AICP (Vbase) = AICP,s (Vbase) _AICP (Vbase) T ©

o [ N )y + | Ny (y)dy

Y 0

0 Y1 _ Top, max
__[ Nn()’)dY—jN.T(y)dy _/:(— 13{
Y 0 ! L
T N\
N J‘(N”—,S(y)_NIT(y))dy_l' _[ N.(y)dy 1 iInE
° h Vbase,min
Yis Yi,s
= [ ANy (n)dy+ [ Nip (y)dy 0 v
0 Y1

T 1

NBTI stress HCI stress
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5. High frequency Charge Pumping

|cp depends on
trap density

7/
ajen) %

2a 2a

NMOS
E
@ | Si Oxide

> X
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Low frequency Charge Pumping

Inversion Accumulation

ajen)

ajen) %




Two Regions of CP

— Region B: Quasi-geometrical

Veare L dependent

a1e0) %

Region A: Classical
L independent

Si Oxide

> X
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L., dependent Quasi-geometrical CP

1.0

diffusion:
MEDICI




Low f CP Summary

Short L,

E ‘difficult’
Oxide ‘

X

Two consequences of the lower electron barrier™:
|) Skewed Region A towards Valance Band
2) Deeper scanning for Region B

I -
Alam ECE-63 M Masuduzzaman et.al. TED ‘08 ,-
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