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Figure 2-1 electrons will have sufficient thermal energy to be thermally
emitted(TE) over the barrier. More probable, under high fileds, the electrons
will Fowler-Nordheim(F-N) tunneling through the barrier. Any electrons
reaching the anode will have to thermealize(release their excess energy),
occasionally creating an energetic hole which can tunnel back into the gate
oxide. A weak bond will serve as a hole trap. This is basis for the anode hole
injection(AHI) 1/E model.
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Figure 2-2 In Anode hole injection model, hydrogen bonds are thought to be
broken by electrons. Released hydrogen atoms(or ions) may diffuse(drift) into
the bulk of silica whereby they are postulated to create damage.
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Table 2-1 Comparison of polar and non—polar dielectrics

Material Dielectric Bonding TDDB behavior
constant
Germanium 6 Covalent No
Silicon 12 Covalent No
C(diamond) 6 Covalent No
Silicon dioxide 3.9 Polar Yes
Silicon Nitride 7.5 Polar Yes
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Figure 2-3 (a) Normal tetrahedral polar bonding of the Si—ion to the four
neighboring O—ions is shown. Arrows indicate the directions of the electric
dipole moment for each Si—O bond. (b) Bond-distortion is caused by the local
electric filed Eiq.
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Figure 2-9 Temperature-resistance relation of conducting filament of RRAM
(a) TiN/ZrO,/Pt (b)

17

A& st



2. o] &4 nj7
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Figure 2-10 Change compliance current was changed as Group A. 5x1078 A,
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9l 212 Gl(conductance) &} =% A##AAE H<Ql hopping
conduction 2] o]t} Compliance current 7} 1x107°% A ¢l group
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Figure 2-11 group B samples showing a metal—insulator transition at critical
temperature
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Table 2—2 oA Hxo] F2Ql 71349 FfFel wet 1 8 Ao
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11, 16—18]

Table 2-2 Cu interconnect TTF tendency under dynamic electric field of
previous research

Time to

Interconnect ) Frequency Dominant
Frequency(Hz) failure .
structure dependence mechanism
tendency
Cu/Ta- I ) ) ~
TaN/SiOC 10 Uni>DC>Bi
Cu/Ta- 2 1B e Intrinsic
TaN/k-2.5 10 10 Uni~Bi~DC Independent breakdown
Cu/Ta- 1105 N
TaN/SiCOH 10°~10 Uni~Bi~DC Independent
Independent
Cu/Ta— -2 -1 . . for Uni
TaN/SiCOH 10°~10 Bi>Uni~DC Dependent Extrinsic
for Bi1 breakdown
Cu/Si0, MOS 107 Bi>DC Dependent
for Bi1
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Figure 2-13 (a) Lifetime to the function of dwell time, TTFg; had the longest
TTF, (b) Cu ion migration is retarded under bipolar condition
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3.1. 4% AR A% D P2

2 Aol A ol g® FEulAle 27 nm NAND flash ® X2 37 4]
A 2= ek, dA7EA] W2 el A= logic &22F ti¥] RC—delay 4 %©|
FoskA dorw, HAAAE low—k 7F ARREA %3 Si0; E
ARgsta glom, el ARgsta vk ddvta AYe) Fx=
comb—serpentine TXE AF&3F oW, barrier & Ta—TaN &
capping layer &= SIN & AFgsisith. 2] wjdAte] AAA| 74 +=

100 nm ©|Y, 71 ++%+ Figure 3—1 ¥} #t}

(a)

(b) [
|l |% \
100 220

nm Cu/Ta-TaN/SiO,

Figure 3-1 (a) Comb-serpentine structure (b) TEM image of test sample

3.2. TDDBA Y v 2 #

TDDB 9] &A1 A¥= st/ Ssids sAll o= dd A&l
BTS & 7t & e Ala"s ZEFojof ity oyl Aol
AHEE Y= Qualitau AFS] ACE TDDB  ZHJojt}, o] A=
package level 2] TDDB #lgo] 7}s3alH, &4l 16 /12 /HHES
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Figure 3-2 Configuration of Qualitau ACE TDDB

TDDB &A= compliance current(Icc) S AA3d] alld Iec ol
FARAFE 2R E AP TTF = Zosiaitt. 3 3420 d=4
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Figure 3-3 (a) Definition of TTF & compliance current (b) Calculation of TTF
under unipolar condition
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Figure 3-4 Pulse shape of unipolar stress 45V (a) 10 Hz, (b) 1 kHz (¢) 10 kHz
(d) 100 kHz, Channel 1 is stress Channel 2 is GND.
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Figure 3-5 Pulse shape of bipolar stress 45V (a) 10 Hz (b) 1 kHz (¢) 10 kHz
(d) 100 kHz Channel 1 is positive stress, Channel 2 is negative stress
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Figure 3-6 Schematic of electric field during DC, unipolar and bipolar TDDB
test
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Figure 3-7 Probe station heater for ceramic package
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Figure 4-1 Leakage current of TDDB test under 225 °C, 6.5 MV/cm
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Figure 4-2 (a) Weibull plot of DC TDDB data under 225 °C 4.5, 5.5, 6.5
MV/cm ( b) result of intrinsic/extrinsic E-model fitting
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Figure 4-3 (a) Leakage current of DC, unipolar, bipolar, (b) Weibull plot of
TTF data
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Figure 4-4 Weibull plot of various temperature stress. TTF tendency was not
changed with stressing temperature
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Figure 4-5 Arrhenius plot of dynamic electric field TTF to the function of 1/T,
Ea of DC is similar with Unipolar, however Ea of bipolar is smaller than DC &
unipolar

Figure 4—-5949} #o] A7 FAlo] u}lE activation energy=

3 A, DC @24 ZAANAM Y activation energyys 1.0 eV

Frt

=
yelz2 FAbst, ol S48 A7 4% activation energy”t 0.6 eVE
S AgS B o)FAe TTF7F DC, wEARY A,

activation energy’} < AIFS Ko Bipolard AS ©E

rlo

breakdown mechanism= 7FA 3l Sl Ao 2 o433t

37 =



jie

o

Asta wAY

N
—l U

ol=A MM 8 F7F A, activation energy @] ko]t
we Addns ntgoR meF el dduart g o]
o8 FF= weval 7Kg W, o4 AVIFAME 1 olFel

ofel #7714 4 WHe

R WAE 2ABE AL conduction mechanisme HEE AZst=

Aotk FEol o] WA UHE FarstE, Teolee] Jgel o

PFZ conduction mechanism®] WHAY = dAANS Hogrh o]
2717 EH9] AZ2] VRDBEF 200°C DC BTSE TTF9 50% (3600sec)
QI7Fet ¢ VRDBE =43 % conduction mechanism® #4-&
Agert,
(@) 10° — (b)109

- —o— Initial . —— Initial

s —o— After BTS for 3600 s e < —o— After BTS

£ 10"k grs L2 10m) ,

S & g Schottky conduction

£ 200 °C, 6.5 MV/cm 2

O 10"t 3 10"} P

g P %

3 E 12 - &, initia|:4’-75

g’ 10-12' Ef § 107 c Er, after BTS:3'23

1 0 1 2 3 4 5 6 7 8 0 500 1000 1500 2000 2500 3000

Electric field (MV/cm) Electric field”® (V/icm)™®

Figure 4-6 (a) VRDB data of initial and after BTS(200 °C, 6.5 MV/cm), (b)
Schottky fitting

38



i}

4 A &

LAY Aa 3

= =

Figure 4—6 2] VRDB data°¢lx H-5=o] Z7|AEjel 4] conduction
mechanism©| interface limited?] schottky coductions RE.§lth. DC
BTS <17} $ol% <A 1 mechanism< WAEA Lt} o=
u)Fo]lHo}l Fa o]&o] A Yol =A5A 2 AL}, conduction

Aot

o =
S F4E

F
.
4

mechanisme WAA7|A] £ FJr=Zgl
=3
T AR JEgsk e AAuty] o] AApoA TCRaEA S

32
32

AEstgict, dA 97 FAS A5 [-VEAS F5A4%t1 &Y
Az sl &5 S23tWA A ®HstE SASAY. -V
=4 4A3 ohmic conductions HYow, Lo wE A3 HIl=

Figure 4—73 73t}

13
i RT = R0(1+(10(T—T0))

o 12}

<

o 11t

c

8

K2

o 10 ap= 2.21 (+0.04) x 10-3/K

4

320 340 360 380 400 420 440
Temperature (K)

Figure 4-7 Resistance of dielectric broken down sampling to the function of
temperature, TCR is around 2.2 107%/K which is similar with cu nanowire TCR
of 15nm diameter(2.5 107%/K)

i)
2
X
&
o
,%
(@]
=
|\
o
i,
w K
au!
-
o
1o
)
o
=
3%
|o
=
(@]
o



4. A3 Ay 2 a7

nanowire®] TCRI} & X}o]E Ho|x] Ut} [19] o]F u]Fo]

RoFs o, AAA JFd FEl2 4% conducting path7}

Ao 2 TVS test® AW 27] AEA TVSE S35

K

DC BTS ©]%¢ TVS9} o]=A BTS ©]F¢ TVSE =Asle] 1
ArS v

40

A&t 83



(a) 0.6 — —
—o— |Initial ¢
" | —o— After BTS for 0.2 hrs

. BTS 225 °C, 6.5 MV/cm

A
=)
»

e o
o N
]

£

5

:t, 100 °C - 0.4

o 0.2} £ oz

% _0 4 | § 0.0-

g §-0.2

© -0.6} Cu* Peak A2
3 -0.8 P S S k.ot LA

) -40 -20 0 20 40

(b) 0.6 Voltage(V)

< —o— Initial
£ 0.4f| . Atter Bipolar BTS for 24 hrs "
e 0.2¢

S 0.0} ‘-

= 100 °C & _

©.0.2} 2

o

m '0.4 B E

X g0

8 -0.6} E'0'?20 40 0 10 20
—I Voltage(V)

_0.8 1 . 1 . 1 . 1 A 1
-40 -20 0 20 40
Voltage(V)

Figure 4-8 Leakage current of TVS (a) initial, DC BTS (b) initial Bipolar BTS,
leakage current peak was observed when DB BTS was applied

Figure 4-89] TVS test A7 DC BTS o|%ddi= FAHF
peak7} #ZEY o]=54 BTS Fol= FAHAFTE peako] #H#EEA]
okth. o]2 w|FojHol DCelM= T8 ool AdA JFE=E
1538H3la, o579 As F4¢ Wg=E Qg T8 o] 9 o|F

41

o



|24 Zde Ao w& activation energy % TCRS <ko] Zha},

s

= o] DC tir] 701 Al

Al

peak =

wE
n

-

S

TVS?

b el ool AAAutuo] JgFe

ha

T

o]¢] o]&o] Al

3R
R

¢

3}

471714 4

AT A F3rE 1 kHzE 31743

4.3. 9=4

—_
~
N

B
—_
110

xr
g
el
7

:mo
s

i

A7} Figure 4—99F 2t}
4 2

i

)
gl

1 ~100 kHz7H+] ¥ 7



S
>
i)
iy,
B

)
=
o

—~

Leakage current (A)

- Q)
o\/
A

-—

Wscore

S
(=2}

107}

10° 10° 10* 10° 10°

Time(sec)

o DC

200 °C, 6.5 MV/cm

10°

10* 10° 10°

Time to Failure (sec)

Figure 4-9 (a) Leakage current of DC, unipolar 1 kHz, 10kHz, 100 kHz (b)
Weibull plot of TDDB data, TTF increased as unipolar frequency increased.



Wy
™

=K

T

InN

;OU
<M

oy

MV/cm

iy

A7 Figure 4—10%

v v
LN LN
~ (o]
U U U — N
o o O - -
n O © ©
N O N v (@]
— N N r_|D FD
T
®<m =
[ =
[ I =
_ _ —
| | N
c _ 't £
_ | o >
> c
= | | )
0 _ _ =
© _ | g m.
% ® _ ol - Y=
S | Q
L2 _ _ 0
N = =
.IM _ _ o
o | |
c | =
=)
=2 + | f+
ML LA v "y v L
© n < (3]
=} (=} =} (=}
- - - -

(o9s) aunjiey 03 awi

Figure 4-10 TTF to the function of unipolar frequency under 175 °C ~225 °C

e

A7 Fohel
A F54 olgel A Fog7t

ey

175°C~225°CE %2 WHAsHHA

Lo A

o}

b)]
al

T

o
,._vmo
Al
ol
N

‘mo
&+

W] ¢

71789

o] &<

T2
Cu ion9

w

4.3.1. Thermochemical fatigue model

A

ol 7

A

oo

4 4



4. A3 Ay 2 a7

stress} A7]%A tensile stressel] 98] Eo]A|= thermochemical

models 1123t "FeF DC7F obd o|=4 Aol A7iEvhd,
AAA e EAATHE Figure 4—113 Z9] tensile stressi}

compressive stressg HH52 072 wHb7 & Aot}

A n+
n+ n+
n- - @
v
Compressive
stress

=

Tensile Relaxation
stress

Figure 4-11 Stress is changed due to electric field polarity

iFok A A7) A sl A9 BxAe o] tensile stress$}

d

relaxation®] ¥®FE3E Zoltf, E AFo= HEEZA <l SHo| 9|3

g 233 (fatigue) 7P Thermochemical—-modelo] ZA-&3}¢]

M 2L 4 21¢l Thermochemical fatigue modelS A ¢FstarAp 3o},

R4

45

A& st



4, A3 A3 4 nF

o

Irreversible

bond dan)‘age Time to failure

A
Permanent | _ _
breakdown
j { TTFp
0 ‘ > 0
DC fo Frequency(/s)

~
Threshold frequency

Figure 4-12 Schematic of bond damage and TTFy, to the function of
frequency, Over the threshold frequency bond damage decreased, so TTFyy
increased.

wAAge 9= 93 A9e mch

g4 HAE fy el Afele 2R DC =¥ sdE

T

Figure 4—12¢] ZAdA

&gl bt AZEAL AR L o4 FugelMs
relaxation @4el oslx A EAel HBHL, Fuit 255
&4 FEs DC oz WA Hobd Zolekm grsHAT. 3,

G=A AA FAAE DC ARG dAAe o] Friditta

1) f<f0 TTFUni"’ TTFDC
i) >fy, TTFyy o« frequency
fleb 22 7MY 6.5 MV/em & @A Fu WAAY AHE

g @A Fas o

LN

4

MgoE, DCO e FWARS b

46



N
I

o] wE BAAge sy

FshuAt shalvh

i
L
o
e
S
30
rir
>
fuied)
1>
o

Frt

100;

10° 10" 10° 10° 10* 10°
Pulse frequency (Hz)

Figure 4-13 Log of relative TTF to the function of Log pulse frequency

Figure 4—13¢ log—F3° tgt log—relative TTF fittingd 7=
Btk ZF 2EWHE linearst A3 & 5 USUTH ol AFA &
o3 o] kit

TTF, Unipolar = (TTF, DC)(f /1, o)a

oA71M fo == A F3, exponent ai= TTERe| whs FrgAI7HE
o7 WErdth o] A¥A S viEe R 6.5 MV/em of Wiet ast £ &
Tk

47



i}

4 A &

LAY Aa 3

= =
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Abstract

Continuous scaling of silicon semiconductor technology has
driven harsh electrical and thermal stress. Technology node of
damascene Cu interconnects will be shrunk to sub 20 nm and
applied electric field on inter—layer dielectrics (ILDs) become 0.4
MV/cm within 2017 Years. Because of severe electric field with
thermal stress, estimation of the dielectric reliability of damascene
Cu interconnects using the time—dependent dielectric breakdown
(TDDB) test under bias—temperature—stress condition is needed.

Moreover, since electronics are operated under unipolar and/or
bipolar pulse—type electric field (dynamic electric field) rather
than DC stress, effect of dynamic electric field on TDDB should be
investigated.

However, to estimate the reliability of dielectrics in damascene

Cu interconnects, reported TDDB models and dynamic electric

field effect on breakdown of gate dielectrics cannot directly applied.

In damascene Cu interconnects, Cu migration into dielectrics can
be occurred from Cu wire, it is called “extrinsic” breakdown in
addition to  “intrinsic” breakdown. Intrinsic— and extrinsic
breakdown mechanisms should be considered for TDDB models
and estimation of dielectric reliability in damascene Cu

interconnects become more complicated than that of gate
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dielectrics.

In this study, effect of dynamic electric field on damascene
Cu/SiO2 interconnects was investigated considering temperature
dependence of TTF in addition to dependence of uni—, bi—polar
pulse shape with various pulse frequency.

Certain specific pulse frequency, TTFp; was the longest and
TTFuy and TTFpe were similar regardless of stressing
temperature. Based on the results the activation energy from
Arrhenius plot of TTF and triangular voltage sweep experiments
after TDDB test, we conclude that Cu migration significantly affect
the dielectric breakdown in our tested samples.

However, when unipolar pulse frequency is exceeded the
specific frequency, TTFy, become larger than TTFpc. TTFy, was
proportional to pulse frequency. It means that intrinsic breakdown
also significantly affect the dielectric breakdown and intrinsic
breakdown tendency is modulated by applied field shape. To
explain the results, we firstly suggested that “Thermochemical—
fatigue” TDDB model as adding the fatigue concept on the
intrinsic  Thermochemical model which is based on dipolar
interaction of molecular bonding in dielectrics with applied electric
field. Our suggested TDDB model would provide new insights into
the accurate prediction of the dielectric reliability in damascene Cu
interconnects, although equation for thermochemical—fatigue model

still have empirical meaning only.
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But the molecular bonds in the low—frequency fatigue behavior
may be to discuss. So we considered the acceleration time of Cu
ion under electric field. The increased life phenomenon with
frequency increase can be explained, but an accurate analysis of
the experimental results is difficult. In order to analyze the exact
mechanism of Cu interconnect dielectric breakdown, further
experiments with different frequencies and duty cycle would be

able to clarify the phenomenon.

Keyword: Cu interconnect, Dielectric breakdown, TDDB, Unipolar,

Bipolar
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