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ABSTRACT

The evolution of the MOSFET technology has beeredriby the aggressive
shrinkage of the device size to improve the depedormance and to increase the
circuit density. Currently, many research demomstrathat the continuous
polycrystalline silicon film in the floating-gateiadectric could be replaced with
nanocrystal (nc) embedded high-k thin film to mimenthe charge loss due to the
defective thin tunnel dielectric layer.

This research deals with both the statistical etspereliability and electrical
aspect of reliability characterization as wellthins study, the Zr-doped HEJZrHfO)
high-k MOS capacitors, which separately containrthrocrystalline zinc oxide (nc-
Zn0), silicon (nc-Si), Indium Tin Oxide (nc-ITO) dnuthenium (nc-Ru) are studied
on their memory properties, charge transportatioeclranism, ramp-relax test,
accelerated life tests, failure rate estimation tiedmal effect on the above reliability
properties.

C-V hysteresis result show that the amount of gémrtrapped in nanocrystal
embedded films is in the order of nc-ZnO>nc-Ru>nren&-ITO, which might
probably be influenced by the EOT of each sampieaddition, all the results show
that the nc-ZnO embedded ZrHfO non-volatiie memaogapacitor has the best
memory property and reliability. In this study, tbptimal burn-in time for this kind
of device has been also investigated with nonpar&nB8ayesian analysis. The
results show the optimal burn-in period for nc-Ze@bedded high-k device is 5470s

with the maximum one-year mission reliability.
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CHAPTER 1

INTRODUCTION

As the channel length and gate oxide thickness OSHETs scale down, the
thickness of the silicon dioxide (SiDgate dielectric has to be decreased accordingly.
When the thickness of SjOis below 1.2 nm, its leakage current becomes
unacceptably high and the device’s reliability isnajor concern. The schematic
diagram of a MOSFET is shown in Figure 1. A propigh-k dielectric material can
solve these problems. In addition, high-k matertzdse also been used to in the
nanocrystal embedded high-density nonvolatile flagmory, the next generation for
the memory devices, to improve the programmingciefficy [1-4]. One concern is
that tight reliability margins may limit the mini&ization of nano-scale IC products.
Therefore, there is an urgent need to investigagereliability of nano devices in the
early design stages. A brief description of somiical issues in the present
semiconductor industry is presented in the nexisex
1.1 Challenges in the Nano Era

Recently, the technologies for today’s design amshufacturing tend to move
from the realm of micro- to nano-scale. The scadmthnology raises new challenges
for reliability analysis. Kuo [5] pointed out thahere appear to be four major
challenges related to nano electronics that cuyréante the field of reliability:

(1) Identification of the failure mechanisms

(2) Enhancement of the low yield in nano products

(3) Management of the scarcity and secrecy of availdala

(4) Preparation of reliability practitioners and resbars for keeping up with the

nano era.
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Figure 1. Schematic diagram of a MOSFET

The second challenge makes production extremelgresipe. Thus, how to
improve the efficiency and reduce cost of burn-rocgss will still be one of the
major key research topics in the future. Anothew rabhallenging issue of burn-in
process is the scarcity of data. This phenomendkesd almost impossible to use
traditional reliability analysis tools and stattsti inference to make accurate
predictions. To deal with this situation, Kuo [5{&)inted out that Bayesian approach
will be applied more widely than ever before.

To deal with limited data, Chien and Kuo [7] useuidhlet distribution, one
of the famous models for non-parametric Bayesiaalyars, to establish a non-
parametric Bayes approach to decide system butmre. Arjas and Gasbarra [8]
proposed a non-parametric Gibbs sampler modeltim&® the hazard rate function.
This technique will be most beneficial to the feliag cases: (1) sampling is
expensive, (2) the burn-in cost is high, and (3 dimited knowledge is available
about the device under test (DUT); all the threesesaoften happen in the
semiconductor industry. A Bayesian burn-in proceduas developed by Kwon and

Keats [9] for limited failure populations. MeanwilTseng and Peng [10] and Tseng
2



et al. [11] proposed an integrated Wiener processbtain the optimal burn-in policy

without sufficient amount of time-to-failure data.

1.2 Nanocrystal Embedded High-k Dielectric Thin Fin

When the CMOS device is scaled down to the nar® $me thickness of the
silicon dioxide (SiQ) gate dielectric layer must be reduced drastically., to 1.2 nm
with the channel length below 45 nm [12]. With tkisd of thin film, the leakage
current becomes very high and the dopant is edsffiysed to the channel region to
deteriorate the device performance and reliadilig+14]. The above problems can be
solved by using a higk-dielectric film to replace the SpOfilm. However, the
conventional highe materials, such as ZpOand HfQ have potential reliability
problems because of their low crystallization terapges, e.g., <600°C [1]. The Zr-
doped HfQ (ZrHfO) highk film has been proved to have better bulk and fater
layer properties, such as a higher crystallizat@nperature, a larger effectikevalue,
and a lower interface state density [15-18]. Thed@ped HfQ film has been
prepared into sub 1 nm EOT thickness film [15, T®e highk film has also been
used as a great dielectric material in memory dsvi§l]. For example, the
conventional poly-Si floating-gate nonvolatile memm@NVM) includes a continuous
poly-Si thin film in the SiQ gate dielectric as the charge-retaining mediunwéi@r,
it is prone to lose all charges with the formatajra single leakage path in the tunnel
oxide layer. The nanocrytals embedded ;S&xucture can eliminate the above
problem because one leaky path in the tunnel asaaheonly drain charges stored in a
few nanodots [20]. When the SiQayer is replaced with a high-k film, the

opportunity of forming a leaky path is reduced heseaa physically thick layer can be



used. Nanocrystalline Si, SiGe, Ru, ITO, ZnO hagerbdispersed in high-k as the
electron- or hole-trapping media [1, 4, 21]. Mosttlee studies on the nanocrystals
embedded higlk-memory devices are focused on how to increasetthgge trapping
density with various types of materials [22-23].efé is little understanding on the
reliability of this kind of device, which is critt to the practical application. In this
paper, authors investigated failure mechanism usthg current relaxation
measurements and breakdown phenomena. The MOStoapancluding the nc-ZnO,
-Ru, -Si, -ITO (Indium Tin Oxide) embedded ZrHfQghik dielectric are used as the

example for the study.

1.3 Fabrication of the Nanocrystal Embedded ZrHfO Mnvolatile Memories

In this paper, the Zr-doped Hi(@ZrHfO) dielectric was used because of its
excellent dielectric properties, such as the lowakége current, high crystal
temperature, thin interface layer, and low integfaensity of states. Figure 2 shows
the basic structure of the single- and dual-layemoerystals embedded high-k thin
film. All samples were deposited on the HF pre-ctadp-type Si (100) wafer (doping
concentration at 0 cm®) and the ZrHfQ film was deposited by reactive sputtering
using a Hf/Zr (88:12 wt%) composite target in a@r(1:1) mixture at 5m Torr and
room temperature. For the single-layer nanocrystabedded samples, the sputter
powers of ZrHfQ film and nanocrystal for nc-Ru, -ITO, -Si and -Zréinbedded
capacitors were (100, 80), (100, 80), (100, 10@) €0, 60) respectively. The as-
deposited embedded layers were amorphous. Howdesrwere crystallized into the
nanocrystalline form after the post-deposition ahng (PDA). The detall

preparation conditions are shown in Table 1.
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Table 1. Gate structures and fabrication conditions

Post-deposition  Post-metal annealing Equivalent oxide

Sample annealing temperature  temperature thickness (EOT)

(°C)/gas (°C)/gas (nm)
nc-Ru embedded 950/¢ND, 1:1) 250/(N/H>) 9
nc-ITO embedded 950/¢hD, 1:1) 250/(N/H>) 8.6
control sample for nc-Ru

950/(N\/O; 1:1) 250/(N/H>) 10

and nc-ITO
nc-Si embedded 950/¢N 300/(N/H2) 10
control sample for nc-Si 950/¢N 300/(No/H2) 10
nc-ZnO embedded 800/{N 200/(No/H2) 7.8
control sample for nc-

800/(Ny) 200/(N/H2) 6

Zn0O




1.4 Burn-In Procedure

Burn-in is the most widely used technique to imgrothe reliability of
products before they are sold to the consumers.edewy it is well known that burn-
in process is costly. How to determine the optitmain-in period and improve the
burn-in procedure have been intensively studieihduhe past 20 years. Moreover,
in the last decade, we can see that excitementirdacest in smaller and lighter
consumer products has driven the need to redudeagacsize. That is, to find the
optimal burn-in environment conditions for eachdéneration is another important
issue.

1.4.1 Infant Mortality

The purpose of the burn-in process is to weed lmtihfant mortalities” and

improve the reliability of products. Typically, dng the burn-in process, the

temperature will be chosen at T00and supply voltage is 30% higher than normal
condition [24]. Burn-in process can be performedearnthree different levels: die-
level burn-in, wafer-level burn-in and package burnin this section, we will discuss
several definitions of infant mortality and somevriaurn-in process.

It is widely believed that many products, particlyailicon integrated circuits,
exhibit bathtub-shape failure rate function. In tiberature, properties of the optimal
burn-in time have been studied under this assumpfibe traditional bathtub-shape

failure rate function is defined as follows:

strictlydecreasesf O<t<t,
r(t) =< aconstantif t<t<t, (1)
strictlyincreasesf t, <t



wheret, andt, are the change points oft). An example of bathtub-shape failure

rate function is presented in Figure 3. Traditiobathtub-shape curve divided the
component life into three stages. The first stagebwn as infant mortality period. In
this stage, we have a decreasing failure rate (DFR¢ second stage is called the
normal operating life. In this stage, we have astamt failure-rate period (CFR). The
last stage is a period of wearout with an increpgaiure rate (IFR) because of aging.
Another famous failure rate model is called the rhed bathtub-shape failure

rate function, defined as follows:

strictlyincreasesf 0<st<t,
()= strictlydecrease#f, t, <t <t,

= (2)

aconstantif t<t<t,
strictlyincreasesf t, <t

wheret,, t, andt, are the change points oft). An example of the modified

bathtub-shape failure rate function is presente&igure 4. The modified bathtub-
shape failure rate function can be obtained from rthixture of strong component
(main distribution) and that of weak component gkralistribution) [25]. Recently,
there have been many burn-in researches basedeonotitept of the mixture of
distributions. However, Klutke et al. [26] pointesut that the assumption of
traditional or modified bathtub-shape failure r&tection is restrictive for burn-in

research.
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A new concept of eventually IFR was introduced biy[RT], and the optimal
burn-in time for various objectives was studiedzhsas [28-32] and [33]. A failure

rate functionr(x) is called eventually IFR if there exisliss x, <o such thatr(x) is
strictly increasing irt > x,. For the eventually increasing failure rate fumeti(x),

the definitions of the first and second wear-ouhfsot  andt” are as follows:

t" =inf {t =20: r(x)is nondecreamg in X = t} 3)

t" =inf {t >t : r(x)isstrictly increasesn x > t}

Obviously, 0<t" <t < x, <o ; the traditional and modified bathtub-shape

failure rate functions are both the special casebeoeventually IFR. An example of
the eventually IFR function is shown in Figure 5.

In fact, some underlying lifetime distributions leaa unimodal (hump) failure
rate function [34], for example, lognormal distrilmn, or inverse Gaussian
distribution. Among all the different failure ratienctions, Baskin [35] suggested the
Akaike Information Criterion (AIC) or the root-meanuare criterion for selection of

the best model.

10
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1.4.2 Cases and Physical Experimental Results

Generally, the silicon integrated circuits haverextely high rate of infant
mortality. Burn-in has been the most popular teghaito recognize and partially
eliminate the infant mortality failures. During thest five years, engineers have been
trying new materials to replace the traditionaicsih based device that have better
results after burn-in test and looking for the ot burn-in environment conditions
for each generation. In order to improve the coitipehess with other opponents,

lots of research work has been focus on the buoosh reduction techniques.

(&) New Materials

Besides the traditional silicon based device, InGalRs heterojunction
bipolar transistors (HBTs) have attracted muchnéitte because they have better
uniformity and reliability after the burn-in prooe@. InGaP/GaAs HBTs are widely

used in high frequency and mid power applicationthle early stage of developing

11



InGaP/GaAs HBTSs, beryllium (Be) was a very popwandidate for doping the base
layer because of its high hole concentration. H@reBe diffusion under the current
stress will cause the rapid degradation of Be-ddpBds. In recent research, HBTs
with carbon-doped base layers are very popular tdugs lower diffusivity with
respect to beryllium. And it allows carbon-doped T¥Bto avoid the base dopant
outdiffusion leading to better reliability propesi The early increase of the dc
current gain 8 (burn-in effect) due to the electrical stress afrbon-doped
InGaP/GaAs HBTs has been intensively studied rgcémtexample [36-40].

InGaP/GaAs HBTs featuring a carbon doped base mhtgrown by
metalorganic chemical vapor deposition show thea®d burn-in effect, which
consists of an initial increase in the current galiren the device is normally biased at
room temperature [41]. Mimila-Arroyo [41] has showhat the burn-in effect
observed in INnGaP/GaAs HBTs can be explained byat@&wving two processes: (1)
a bias dependent passivation of recombination cembeated in the emitter region
resulting in a decrease of the base diffusion cuitfeat is stable at room temperature,
and (2) an increase of the emitter-base recombmaturrent that will be adjusted
permanently as a function of the emitter-base bias.

It has been proved in Chong et al. [42] that theetu gain (3) increases at
the opposite extremes of base-emitter voltagg, [ greater than 1.75 V. To
substantially suppress the burn-in effect obseimethGaP/GaAs HBTs, a constant
period of voltage stress (CPVS) with, =20V andV, =30V (collector-emitter
voltage) for 5 minutes is proposed as shown infe@u43].

To eliminate the burn-in effect in carbon-dopeG&i/GaAs HBTs, Su et al.
[44] proposed the Hydrogen lateral diffusion by @aling at low temperature. After

12



the thermal annealing has been applied at “€8@r 30 minutes, the current gain

variation caused by the electrical stress decrefasat42.7% to 2.6%.

120
| n N _
100 P
? 801 After CPVS ,f’f
3 /
< 60 e
E ! 1" Before CPVS
Ea0- | T
b
20k /
J
0 1 — S i

Figure 6. Current gain versus base-emitter vol{agg with the collector emitter
(V. =30V) for the same sample before and after CPVS [43]

(b) Burn-In Environment

To achieve high-performance microprocessor and mesydransistor scaling
is a very primary key. Each 30% reduction in CM@Séchnology node scaling has:
(1) reduced the gate delay by 30% which increasesnaximum clock frequency of
43% (2) doubled the device density (3) reducedptimasitic capacitance by 30% (4)
reduced energy and active power per transitiond9g &nd 50 %, Vassighi et al. [45].

However, Semenov et al. [46] showed that under aboperating condition,
the increase in junction temperature is estimated.d5 X/generation and this may
result in positive feedback leading to thermal maw during the burn-in process.
Vassighi et al. [47] and Semenov et al. [46, 48}ehahown the optimal stressed
temperature in a burn-in environment is signifitanéduced with technology scaling.

Vassighi et al. [47] and Semenov et al. [46] hals® ahown that to maintain a

13



constant post burn-in yield loss, the optimal burtemperature should be decreased
at least by 10C for each technology generation and the optimahrtemperature

for each generation is shown in Figure 7 [46].

0.35- - L]

CMOS Technology
k=]
8

-
-
o

k=]
=
«

i 1 i
0 50 100 150
Temperature (C)

Figure 7. Optimized burn-in temperature for consbann-in loss [46]

(c) Burn-In Test Cost Reduction Techniques

In this section, how to improve burn-in procedund e discussed. Burn-in
process is costly so how to reduce to the costrgegteduring burn-in process is one
of the key research topics. Lee et al. [49] anda8al& Walker [50] tried to find out
the defective chips before burn-in process. Theeefthe more defective chips they
find out, the less chips will be sent to the burntest. Sabade and Walker [50]

proposed the median of absolute deviations (MAD}hef bpg as the criterion to

14



weed out the defective chips. Rosen et al. [S1Ebged a simulate model and robust
design can be performed to optimized the burn-inc@dure. Another burn-in
reduction screen, presented by [52], was based@rsubset of measurements from
the wafer sort data. This subset was identifiedhgyPrincipal Component Analysis
using the die that passed all the tests.

Intel Corporation proposed the new criterion: dewtel predict yield (ULPY)
and showed that it is approximately twice as effitias wafer level methods at
highlighting die with high defect latent densityokdover, most of the dies with low
ULPY scores will fail at sort and those do not slhewn to have higher failure rates at

burn-in. This simple measure is defined as

ULPY =/xyYieldx LocalYield (4)

wherexyYieldis the yield of the specifig-y die location within the lot anidcalYield

is the neighbouring die yield. How to find the opéil schedule of the burn-in oven is
another research topic to reduce the burn-in proeedung et al. [54] considered the
problem of scheduling a single burn-in oven in flmal test. In this paper, they
assumed each job belongs to one of a fixed nunfifamlies and the release time of
the jobs are different from one another. The awgthproposed a dynamic
programming algorithm to find the optimal schedulehich can minimize the
maximum completion time. Monch et al. [55] considiee schedule problem for a
single burn-in oven which is a batch processinghimmecwith restricted capacity. The
due dates of all jobs are assumed the same ambjbetive is to minimize the sum of

the absolute deviations of completion times fromdiue date. Deng et al. [56] present
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a polynomial time approximation scheme to minimilze total completion time for

the burn-in scheduling problem.

1.4.3 Optimal Burn-In Model

Burn-in is a wildly used approach to improve thmlgy of products pre-sale.
However, burn-in is usually costly and increases rtranufacturing cost, so how to
determine the optimal length of the burn-in progedsa a major issue. In this section,
several methods to obtain the optimal burn-in twi different objective functions
will be discussed.

(a) Minimize Cost

In the business world, money is everything. Thiwly in the study of burn-in
the cost criterion is often used to obtain the raptiburn-in time. Recently, several

cost models are presented.

Model 1

In many burn-in research, system failures have loi#@ded into two types:
one is Type | failure (or minor failure), which cae easily removed during burn-in
process, and the other is Type Il failure (or datgic failure), which can only be
removed by a complete repair and the burn-in psohes to be stopped. Lgand 1p
be the probability of Type Il failure and Type lléae when the unit fails respectively.

The average cost during the burn-in timGC(b), can be expressed by [57]

Té;)dt {[c +cm[%-1ﬂ{(cf -cs){%- j(cm —csm)}XG(b)+c0._Z§(t)dt} )
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wherec,, c;, C,, ¢, andc,, denote the cost-rate for operating the burn-icg@dare,

replacement cost, minimal repair cost, shop coraplepair cost and shop minimal
repair cost respectivelys(t) andG(t) denote the CDF and the survival function of

the waiting time until the first type Il failure af new unit.

Some research, such as [58-61] pointed out thég¢termine the optimal burn-in
time, we should also consider the warranty polityethe product is sold. Sheu and
Chien [60] proposed three cost models under diftenearranty policies, presented as

Model 2-4.

Model 2

This model contains five cost€, = the manufacturing cost per unit without
burn-in; C; = the fixed setup cost of burn-in per ur@ = the cost per unit time of
burn-in per unit,Cz = the minimal repair cost per Type | failure dgyiburn-in, and
C,4 = the extra cost incurred when a failure occumnsnduthe warranty, regardless of

the failure type. LeC(T, r) denote the expected total cost per unit soldafgeneral

repairable product with burn-in time and warranty period. In the failure-free
policy, the manufacturer is responsible for all tBpair and replacement costs during
the warranty interval [OT]. Then for the failure-free policies with renewjnthe
expected total manufacturing cost per unit for pidgl with burn-in timer can be

expressed by

Co +C,+C, [ G(u)du+C, [ﬁé —1) G(r)
0

Vo= &0

(6)
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wherep denotes the probability the Type Il failure occarsl (_S(t) is defined as the
survival function of the time to the first Typeféilure of the product without burn-in.
The expected total warranty cost per unit sold Witlhn-in timer and warranty

periodT, W(T,Z'), is given by

ofr. )= 80)-C+T) {(C3 re) E-1)+ +V(r)]} ™

G(r+T)
and C(T,7) = v(r)+W(T,7).

Model 3
In this model, we consider the failure-free nonewing policy. The expected
total cost per unit sol@(T,7) and the expected total manufacturing cost perfonit

productsv(r) is the same as in Model 2. But the expected watanty cost per unit

sold w(T, ) is now defined as

ofr.r)={lec ]+ e+ e 5 -1 () ®

whereV, (T) denotes the number of replacement during][0,

Model 4
Besides the failure-free-policy cases, Sheu andr(JB0] also proposed a cost
model under the rebate policy and the assumptiaintile amount of rebate is a linear

function of the Type Il failure timé. Again, the expected total cost per unit sold
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C(T,7) and the expected total manufacturing cost per famiproductsv(r) is the
same as in Model 2. The only part of this modefed@nt from Model 2 is the

expected total warranty cost per unit sefT,7), defined as

c, +c4)(;-1jT[§(r)-a(r+T)]+kmp{Ta(r)-(l-a)zré(m)-a (116 + )

= 9
\N(T’T) T@(T) ( )
whereC, denotes the sales price andis a constant between [0,1]
Model 5
The total expected cost during the burn-in tigwnd the warranty peridg
given by
Cosft,) = C, + C,Nt, + C;NF(t, )+ C,N[F ¢, +t,) - F(t,)] (10)

was considered by Perlstein [59] as the objectivetion to obtain the optimal burn-
in time by Bayesian method. In this cost mog@xljs the fixed setup cost per batch of
N products;C, the time dependent cost for burn-in per unit peit time; Cs lost
opportunity cost of products which failed throughripin andC, is the cost of field
repairs that occur during the warranty period ef slgstem. In the Bayesian paradigm,
uncertainty with respect to the distribution parter® is modelled using a

multivariate prior probability distributiong(@). In the last two terms of this model,

F(t)=f6F(t|Q)g(Q)dQ, whereF (tg) denotes the CDF of products in the batch and

represents the parameters of the life distribution.
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(b) Maximize Reliability

Yield and reliability are two primary factors inmeonductor manufacturing.
By using yield and reliability modeling as the faiation for developing effective
stress burn-in, semiconductor manufacturers canigeohigh-quality products to
customers. Therefore, some reliability models hbgen applied to obtain optimal
burn-in time.
Model 1

Kim et al. [62] proposed yield loss and yield gaipressions; related them with

the reliability model of semiconductor devices nder to determine the burn-in time.
They assumed that the gate-oxide damage is thentpabkfect mechanism. The
proposed expressions of yield loss, yield gain egldhbility are as shown in the

equations below:

= Y[l—YlfUJ andY,,;, = Yl\(“"((l’(l‘“)z}l) —1] (11)

R=Yuf2 (12)
where v is the damage incurred during burn-im,is the damage incurred during
operation,® is the ratio of the critical area to the totalaaendY is the yield before

burn-in.

Model 2

Barnett and Singh [63-64] identified another twaopbrtant indicators to
optimize yield during burn-in: (1) local region ideof the die (2) the number of
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repairs performed on the die. L&t(t) be the average number of latent defects per

chip, anda be the defect clustering parameter. Then the Ipast-in reliability yield

can be modelled as follows:

R(t)= {1+ "L—(‘)r 3j1

a

Defining A, as the average number of killer defects per chmg ja as a
constant on the order of 0.01-0.02, one can expressvafer probe yieldy, (the
probability that a chip has zero killer defectshdathe reliability yield,Y, (the

probability that a chip survives burn-in given thtapassed wafer probe testing), as

follows [65]:

Y, =[1+%Kr andy, = [1+ y(1—Y,§’”)]“’ (14)

Barnett et al. [66] verified the above integrateeldsreliability model by using
burn-in data from 77,000 microprocessor unit mactuied by IBM Microelectronics.
In addition, Barnett et al. [67] extended the abgietd-reliability model to estimate
the burn-in fall-out of repaired and un-repairedmoey die.

Traditionally, reliability modelling is separateofn yield modelling. However,
for new technologies, it is important to find thedationship between reliability and
yield to predict and improve the reliability durige early production stage [68].
Unfortunately, it is impossible to obtain the egfiliexpression for the relationship
between reliability and yield unless the defectsitlgrdistribution is selected. Kim &
Kuo [69-70] derived the following explicit yielddrability relationship under 5

different defect density distributions:
21
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In RPOisson (I) =X In YPOWSO”

(1) _ ( ) )
negative binamial (I)il = Ynegarfvebmomiai =]

dinll-24 R, @)=y nll-247, . )
1n(1 — AR (r}): yin(l- 4%, )

R (t)-1=7(Fk, 1) 5

wherea is the defect clustering parametdy, is the mean number of fatal defects in
a device andi, is the average number of reliability defects perice.

(c) Maximize The Percentile Life

Reliability is often defined as the probabilityystem operates without failure
under the expected environment conditions for adgtemined mission time.
However, sometimes we would like to continuous @ uhe system beyond the
specific time. That is, the system is expectedetmperational as long as it functions.
For example, artificial satellites or space expiwrare used for as long as they
function without major failure [71]. Therefore, tlodbjective of this situation is to
maximize a measure of the system durability witreoapecific time period.

There are two appropriate criteria for this purpodg average life and (2)
percentile life. However, when the variance of stey is high, using the average life
as the measure will be considerably limited [7linkand Kuo [72] showed that the
optimal system design for maximizing the systenmabglity for a mission time is, in
fact, the same as the one for the maximizing thegntile life at some failure

probability.
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(d) Maximize The Steady State Availability

In some cases, like power supplies for a hospitahcelectric security system,
there are some reliability characteristics suclsysem availability, probability of
accomplishing a mission, which are much more ingrdrtthan the economic
consideration. The steady state availability of shistem under the burn-in tine is

given by [73]

O3
@
o
—

Ab) =

{ dt+Djrb+t dt}ul( ~u,)

whereG, (t) andr(t)denote the survival function of the time lengthniro to the first

(16)

Type |l failure of a burn-in system and the failusge of a system respectively,.
and v, are the means of a minimal repair time and ungdmeplacement caused by

the Type Il failure.

(e) New Indicators

Besides all the objective functions mentioned ab®mme studies tried to
develop new criteria to determine the optimal burntime. Block et al. [74]
considered a residual coefficient of variation thatances mean residual life with
residual variance. LeX; be the residual lifetime of the component whick karvived

for t units of time.x(t) and oft) denote the expected value and standard deviation o

Xt. Then the optimal burn-in time can be obtainedgimizing the coefficient of

variation defined aQV(t):@.
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1.4.4 Summary

Burn-in is a wildly used tool to weed out the eaffjlure. This section
provides the review of the published work concegriairn-ins during these years. It
is believed that there are some unpublished resgadormed by the industry and
some published work not included because theyra@vertently overlooked or not
strongly related to the topics of this review.

In the predictable future, scarcity of availabléad@r the nano products is going
to be the major issue to the statistical inferesfdeurn-in procedure. Most of methods
to determine the optimal burn-in policy in the ddture nowadays are efficient only if
a sufficient amount of time-to-failure data is dabie. Kuo [5] predicted that the
Bayesian approach will be even more frequentlyiadph the nano era as product
life cycles based on new technologies become dvertes and it is almost impossible
to obtain enough data before a new product requatesbility assessment. The other
way to deal with this problem is to predict religliusing the computer-aided tools,

based on the physical properties of the nano system
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CHAPTER 2

CHARGE TRAPPING AND DETRAPPING MECHENISMS FOR
NANOCRYSTAL EMBEDDED HIGH-K NONVOLATILE

MEMORIES

2.1 Capacitance-Voltage Characteristics

The capacitance-voltage (C-V) characteristics @f mlanocrystals embedded
samples are shown in Figure 8. The C-V curves weasured from the
accumulation region to the inversion region andkbacthe accumulation region in
the range of (-6V, 6V, -6V). They all show counteokwise hysteresis behavior,
which means net charges trapping in the gate diedestructure. It is obvious that the
charge storage capacity is influenced by the typ¢he embedded nanocrytalline
material. However, the charges injection and tragmfficiencies are also related to
the gate stack’s physical thickness or EOT. Thelteshow that the amount of
charges trapped in nanocrystal embedded films therorder of nc-ZnO>nc-Ru>nc-
Si~nc-ITO, which was influenced by the embeddedongystal and the EOT of each
sample, but the effects of nanocrystal and EOT aiabe directly distinguished from
one to the other from Figure 8. In other words, ¢harge-trapping ability of each
nanocrystal cannot be compared only depends onCthé curves. To further
investigate the strength of trapping charges, #iaxation behavior needs to be

discussed.
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Figure 8.C-V curves for nanocrystals embedded ZrHfO films ato®V sweep range
[103]
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2.2 Relaxation Current

The leakage currentidaaggd IN this paper is defined as the current leaking
through the capacitor when a gate voltagg (s applied. The relaxation curremiay)
is the current leaking through the capacitor dfter release of an appliad,. lieakage
andl ¢ ax are of opposite directions provided the dieledthio is intact. The reversible
charge trapping at the energetically shallow sstenuch more pronounced in the
highk dielectric than in Si@ [75]. The lax IS contributed by two mechanisms:
detrapping of trapped charges and dielectric prdéion/relaxation, which occur
simultaneously and are difficult to differentiai#sf76].

Figures 9-11 shows the decay of the relaxationeotirwith time of various
nanocrystals embedded and control samples. Eagblesavas stressed at g uf -6V
for 120 seconds and thgax Wwas measured immediately after the removal pfThe
lrelax-t curve of each nanocrystal embedded sample was cethpéth that of the
corresponding control sample, since these embeddetples were prepared under
different conditions. Several conclusions can barsarized from Figure 9-11. First,
initial relaxation currents of nc-Ru -ITO and -3nleedded films are larger than that
of their corresponding control film. However, thetial relaxation current of nc-ZnO
embedded capacitor does not show the same prdaperguse of its excellent ability
to trap charges deeply. Second, thex decay rate is dependent on the embedded
nanocrystalline material. Third, it takes a longere for thelax Of the embedded
films (except the nc-ZnO embedded sample) to rehehfinal value than their
corresponding control film. For nc-Ru, -ITO and eédnbedded capacitors, the charge
storage capacity are much larger than that of trraol samples [1, 4, 77], so the

extrallax must be released from the embedded nanocrystalgever, the highejax
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of the embedded film is not directly related to #maount of charges stored in the
nanocrystals. For example, the initlalax's of the nc-Ru, -ITO and -Si embedded
samples were only 1.98, 1.78 and 2.04 times thdshexr corresponding control
samples. However, thdir.x decay rates are not related to the initiglc's. Figure 9-
10 shows that the times required for thex's of the nc-Ru, -ITO and -Si embedded
films to reach the samgax's of their corresponding control samples are alésyBs,
30s, respectively. Therefore, charges can be tthppeéhe embedded nanocrystals

deeply or loosely depending on the material progert
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2.3 Relaxation Current Decay Rate
The relaxation current decay rate of a dielectyel can be expressed by the

Curie-von Schweidler Law [78]:

J/iP=at™" (17)
wheredJ is the relaxation current density (A/&yP is the total polarization or surface
charge density (V nF/ cnf), t is time in seconda is a constant, and is a real
number between 0 and 1. Figure 12 shows the J&g) (s. logt of 4 kinds of
nanocrystals embedded ZrHfO films as well as theembedded ZrHfO, SiK)HfO
and TaQ films [79]. In Figure 12, tha values of nanocystals embedded samples are
much lower than 1, e.g., 0.77, 0.58, 0.54 and ®84c-Ru, -ITO, -ZnO and -Si
embedded samples, respectively. Thesalues are not consistent with the prediction

in refs. [80] and [81], which should be close tdr fact, then value represents the
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decreasing rate of the relaxation current. The lsmaélues observed in nanocsrytal
embedded capacitors indicate that thex decreases slowly with time because the
charges trapped by the embedded nanocrystals atmlgy stronger than those
trapped by the bulk higk-film does. By assuming that all ZrHfO films in the
embedded samples of Figure 12 have the same cldaagy rate, the strength of
charge holding of the nanocrystalline material dases in the order of nc-ZnO > nc-

ITO > nc-Si > nc-Ru.
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By using the approximation of a two-dimensionaldexsheet charge located

away from the interface, the number of initial frad charges can be estimated by [82]

N =px (Cox / q) X (_ AVFB) (18)

whereC,, is the capacitance at accumulation, q is the releatharge AV, is the

flatband voltage shift, angt is a correction factor, which can be estimatedthsy

ratio of the sum of control and tunnel oxide eqleéwa oxide thickness (EOT) to the

control oxide EOT [20]. In addition, the equaticistained in Figure 12 can be used
to calculate the number of those loosely trappedtgds released during a certain time
period. The difference between the initial trapped loosely trapped charges would
be considered as the deeply trapped charges. Zatflews the percentages of deeply

trapped and loosely trapped charges for 4 kindesasfocrystal embedded samples
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after the first 20 seconds. The ability to strongbtd charges is in the order of nc-

ZnO > nc-Si > nc-Ru > nc-ITO.
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Table 2. Percentages of deeply trapped and lodssdped charges for nanocrystal

embedded samples after the first 20 seconds [103]

nanocrystal | deeply trapped % | loosely trapped %
Ru 78.5% 21.5%
ITO 57.5% 42.5%
Si 85.8% 14.2%
Zn0O 93.6% 6.4%
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CHAPTER 3

BREAKDOWN MECHAISMS

3.1 Ramp-Relax Measurement

The breakdown mechanism of these embedded filmsbeaimvestigated by
using a ramp-relax measurement method proposed 8iy. [To perform this
experiment, a negative gate voltagé,J-s applied to the higk-MOS capacitor on a
p-type silicon wafer. The leakage current denslym, is detected with the increase
of -Vy and the applied voltage is released for a shor¢ @nd the relaxation current
density &iax IS measured at a very smsj, e.g., 0.1V. Repeat this procedure until the
dielectric layer breaks at a largé;{Jamp increases abruptly). For a metal oxide high-
k film, due to the polar structure of the highiHm, the polarity of the).eax Should be
opposite to that of thé.mp before the high-k film is broken. However, aftee thighk
stack is totally broken, th&eiax shows the same polarity as thgn, [83]. The polarity
change of theleax Was successfully used to detect the breakdowneseguof the
ultra thin highk stack. In this study, the ramp-relax method wasdus investigate

the breakdown phenomenon of the four nanocrystatseedded ZrHfO samples.

3.2 Breakdown Mechanism of Single-Layer NanocrystaEmbedded ZrHfO Thin
Film

Figure 13 shows th&amyVy andJreiaxVy curves of these capacitors. Thens
Vy curve of each sample is composed of three sectidms first section starts from
OV to ~ -5V. In this section, th&.mp increases with\4, very slightly and smoothly
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because charges gradually stack in the bulk kigh- form a spot-connected
breakdown path [84]. Once the spot-connected matiealized, the curve enters the
quasi-breakdown section. In this section, Jhg, increases with\ faster and the
leakage current gradually increases due to thaegxie of a small number of the
connected paths. When tlgmp jumps abruptly and becomes very large afterward
because the film becomes conductive, JagsVy curve comes to the third section,
complete breakdown. However, the polarity &f.x did not change with the
breakdown of the sample, which is different frora tireakdown phenomenon of the
non-embedded higk-film [83]. This means the relaxation current saltists even
after the highk part of the sample becomes conductive. Since théedded
nanocrystals are conductors or semiconductors, aheynore difficult to breakdown
than the surrounding dielectric material. Therefdhee failure of the nanocrystals
embedded higlk- film results from the ZrHfO film. Figure 13 showtbat the
breakdown voltagesp) increases in the order of nc-ITO ~ nc-Si < nc<Rac-ZnO.
Since these samples were prepared from differemtegs conditions, they contain
different bulk and interface layer thicknesses praperties. It is difficult to compare

contributions of different nanocrystals to the la@vn strengths.
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Figure 14 shows the time-dependent dielectric lweak (TDDB) of nc-ZnO
embedded capacitors under constant voltage sttasS)(at \; = -9V, -8.5V, and -8V
and room temperature. These capacitors break atL38s and 707s, respectively. In
each test, the leakage current decreases quiddiy dnd then very slowly. The
decrease of leakage current at the beginning camtbbuted to the Coulomb
blockade effect due to charges trapped to nc-Zt&€3.9With the increase of the stress
time, charges are gradually stacked to form thd-sponected path. Eventually a
conductive path is established and the leakagemumcreases abruptly. For the non-
embedded high-k films, the capacitors fail muchtdiasthan the nanocrystals
embedded capacitors, e.g., at 6s, 32s, and 803 Mgde-9V, -8.5V, and -8V bias
conditions, respectively. Here, oy=-8V curve is shown in Figure 5. The leakage
current does not drop quickly at the beginninghef $tress time, which shows the lack

of the Coulomb blockade effect
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3.3 Breakdown Mechanism of Dual-Layer nc-ITO Embedéd ZrHfO Thin Film

The single nc-ITO embedded ZrHfO capacitor, i.bg tri-layer structure
(ZrHfO/nc-ITO/ZrHfO) has been successfully demoatstd to have excellent holes
trapping/retention characteristic. Lin and Kuo [8&s0 showed that the charge
trapping capacity of the dual-layer nc-ITO embeddedfO was more than doubled
that of the dual-layer nc-ITO embedded ZrHfO. Theotid embedded nc-ITO layer
could also improve the data programming speedhibidection, we investigated the
failure mechanism of the single- and dual-layer T©- embedded Zr-doped H{O
thin films.

The breakdown mechanism for the nc-ITO embedddat-higin film can also
be examined by using the ramp-relax measuremertateT he two-step breakdown
phenomenon was obtained in both single- and dyal-lac-ITO embedded ZrHfO
thin films. To investigate the breakdown mechanafithe nc-ITO embedded hidgh-
dielectric in detail, the authors applied the ramlax method and performed a two-
step ramp-relax measurement. First, the measurewahtperformed until the first
breakdown was observed. Second, the measurementepaated until a largéf,
was reached.

Figure 15 (a) shows th&amyVy curves of single-layer nc-ITO embedded
capacitors under room temperature on the logarghate. TheJ.ampVg curve from
the first measurement can be composed of thremsect he first section starts from
0V to ~ -4V. In this section, th&a.np increases slowly and smoothly with the increase
of -Vy, because charges start to trap to the embeddédkistack and the spot-
connected breakdown path gradually forms [84]. Otiee spot-connected path is

formed, the curve enters the quasi-breakdown se¢8d, 86]. In this section, the
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leakage current increases faster with the increbisé, due to the existence of a small
number of the connected paths. The breakdown ohigjiek stack occurs when the
Jramp Jumps abruptly and becomes very large afterwarchige the film becomes
conductive [84]. The leakage current became mugjetan the second measurement.
This is because after the first breakdown, therstea a certain number of conductive
paths in the capacitor, which resulted in the lalegkage current in the second
measurement. Thé.myVy curve from the first measurement breaks at -9.&w
there is no obvious breakdown phenomenon observéiteiJ.amy-Vy curve from the
second measurement. ThenyVy curve for the non-embedded sample is very similar
to Figure 15 (a) with a larger breakdown voltage, iat -11.8 V.

Figure 15 (a) and (b) are tlamyVy and JreiaxVy curves from the two-step
ramp-relax measurement, respectively. During thiet fmeasurement, when the
breakdown occurs in th&.myVy curve, thedeac-Vyg curve drops abruptly. However,
the relaxation does not change its polarity afterfirst and second breakdown, which
is different from the breakdown phenomenon of tba-ambedded higk-film [83].
This means the relaxation current still exists eaftar the highk part of the sample
becomes conductive. Since the embedded nc-IT@anductor, it's more difficult to
breakdown than the surrounding ZrHfO dielectric enal. Therefore, the failure of
the nc-ITO embedded highfilm is due to the breakdown of the ZrHfO portidtor
the non-embedded samplisax changes its polarity from positive to negativesaft

the first breakdown and keeps negative during ¢tersd measurement.
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Figure 15. (a)ramyVy and (b)JrelaxVy curves of a single-layer nc-ITO embedded

ZrHfO capacitor measured with the two-step rampxehethod [87]
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The same two-step ramp-relax method was appligtdadual-layer nc-ITO
embedded sample as shown in Figure 16 (a) andlfl®).J.amyVy curves are very
similar to those in Fig. 16 (a) except a smallezaltdown strength, i.e., at -7.2 V.
Before the first breakdown, thk,m, of the dual-layer nc-ITO embedded sample is
higher than that of the single-layer nc-ITO embeddample. In other words, the
addition of the extra nc-ITO layer increased thakéme current and decreased the
breakdown strength because charges can pass thiwidrelectric portion easier.

The JrelaxVy curves of Fig. 16 (b) are similar to those of F§. (b), i.e., the
Jrelax dropped sharply when the first breakdown occurkéalvever, the polarity did
not change. The existence of the relaxation cunsenbntributed by the nc-ITO and

its interfaces.
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Figure 16. (aPramp-Vg and (b)Jrelax-Vg curves of a dual-layer nc-ITO embedded ZrHfO

capacitor measured with the two-step ramp-relaxhote{87]
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Figure 17 shows the C-V curves of the nc-ITO emkdddamples under
different breakdown situations. First, a fresh Gztve was measured in a small
voltage sweep range, i.e., from -2V to 1V at 1MHdter the first and second
breakdowns were detected with the two-step rangxreiethod, the corresponding
C-V curves were measured from -3V to 1V at 1MHzteAthe first breakdown, both
the single- and dual-layer nc-ITO embedded samptiéls showed the dielectric
characteristics except smaller capacitances thasethof the fresh sample’s
capacitances. The existence of the dielectric ptgpmdicates that the higk-
dielectric was not totally broken after the firseakdown. However, after the second
breakdown, the whole nc-ITO embedded film becamadugotive and lost the
capacitor's characteristics. For both nc-ITO endsedcapacitors, the C-V curves
shifted to the negativéy direction after the first breakdown. This can beitauted to

a large amount of holes trapped in the embedddi@i@Qgsite.
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Figure 17. C-V curves of (a) single- and (b) dagldr nc-ITO embedded ZrHfO

capacitors before and after first and second bi@akd [87]
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Figure 18 shows the time-dependent dielectric litleak (TDDB) of nc-ITO
embedded capacitors under constant voltage st@gS)(at \y = -6V and room
temperature. The leakage current increases withnttrease of the layer number of
the embedded nc-ITO. The dual-layer nc-ITO embedugzhcitor breaks at 4142s
while the control sample and single-layer nc-ITObedded sample does not break
after 10 hours. Therefore, the accumulation of gasiin the nc-ITO related sites may

be responsible for the breakdown of the hikgdtack.
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ITO embedded ZrHfO higk-film stressed at -6V [87]
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CHAPTER 4

TEMPERATURE INFLUENCE ON CHARGE
TRAPPING/DETRAPPING MECHANISM OF NANOCRYSTAL

ZINC OXIDE EMBEEDED HIGH-K THIN FILM

The results shown in previous sections have beemodstrated that both
ZrHfO/nc-ZnO /ZrHfO and ZrHfO/nc-ITO /ZrHfO tri-lagr structures can trap a large
number of charges with a long retention time. lditon, the nc-ZnO and nc-ITO
embedded ZrHfO film had a large charge holding bdia with large breakdown
strength. However, most reliability studies on nalatile memories are done at room
temperature. The influence of temperature on themong function is important. In
this chapter, authors investigated the temperatdieence on some of the important

reliability issues of the nc-ZnO and nc-ITO embetideHfO MOS capacitor.

4.1 Temperature Influence on |-V Characteristics

4.1.1 nc-ZnO Embedded ZrHfO Capacitor

Figure 19 shows thé-V, (leakage current density vs. gate voltage) cuofes
the nc-ZnO embedded ZrHfO capacitors measured fmto +5V at 25°C, 75°C,
and 125°C, separately. The 25°C curve contains lanoons negative differential
resistance (NDR) peak due to the Coulomb blockéieetg4], which can be reduced
at high temperature [88-89]. In addition, Figure 48ows the leakage current
increases with the increase of the temperature wh¥f is large. However, the 75°C

and 125°C curves do not show NDR peaks. Figurdsi®siows that for each curve,
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there is a transitioWy above which the leakage current is positive aridvbevhich
the current is negative. This is due to the conipethole-trapping and -detrapping
mechanism. At the largé/q, holes are injected and retained at the nc-Zn®vgitile
at the small Vg, they are released back to the Si substrate [B@8. magnitude of
transitionVy decreases with the increase of the temperatere,-4.65V, -4V and -
3.7V at 25°C, 75°C and 125°C, respectively. For prgpe wafer, it is easier to
accumulate a larger number of high energy holgkeaSi/dielectric interface and to
inject them to the nc-ZnO site at the high tempeethan at the low temperature,
which shows up as the former’s larger transitignthan the latter.

Figure 20 shows-V curves of the nc-ZnO embedded capacitor undeereifit
temperatures in the log-lin scale. The gate voliage swept from 0 to -6V in Figure
20 (a) and 0 to +6V in Figure 20 (b). Below -1.%/hole accumulation is formed;
above 1.5V, an electron-rich inversion layer isabshed. The tunneling current
rapidly increases at a large gate voltagg. (Both figures show the leakage current is
not strongly dependent on the temperature. FigQréa® exhibits more temperature

dependence than Figure 20 (b).
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Figure 19.J-V curves of MOS capacitors with nc-ZnO embedded @rif 25°C,

75°C and 125°C, respectively [91]
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4.1.2 nc-ITO Embedded ZrHfO Capacitor

The thermal effect of the charge transport mechawisthe nc-ITO embedded
sample was also studieBigure 21 shows thd-V curves of the nc-ITO embedded
capacitor under different temperatures in the Ingtale. The gate voltage was swept
from O to +6V in Fig. 21(a) and 0 to -6V in Fig. (Bl Above +2V, an electron-rich
inversion layer is formed; below -3V, a hole acclation layer is established.
However, under positive gate voltage, the increafs¢éhe leakage current will be
constrained by the minority carrier concentratiorihe inversion region for p-type Si
substrate. This is because at high positfyethe inversion region becomes almost
intrinsic and the leakage current cannot signifiyaimcrease with the increase of the
gate voltage. Fig. 21(a) also shows that the irserez the leakage current will be
constrained at highé&fy under higher temperature, i.e., 1.9V, 2.2V and/2825°C,

75°C and 125°C, respectively.
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4.2 Temperature Influence on Charge TransportatiorMechanisms

4.2.1 nc-ZnO Embedded ZrHfO Capacitor

For the nanocrystal embedded HfO thin film, one tlé major charge
transport mechanisms is Fowler—Nordheim (F—N) tlingg99-100], which can be

expressed by the following equation [101]:

J~E’exp - 4/2m(a®, )" (19)
3ahE

whereE; is the electric field, m is the effective mags, is the barrier heighg is the

charge of one electron andis the Plank constant. From the above equatioN, F-
tunneling is considered as temperature independéateover, the F-N tunneling
takes place in much lower programming voltage iHf2x than SiQ. The onset of the
F-N tunneling depends on the electron barrier ld@®100], and the barrier height
between ZrHfO and Si is 1.5 eV, much smaller theat of SiQ (3.5 eV). That is, the
leakage current shows little temperature dependemcker positive gate voltage
because the major charge transport mechanism istiheling. During the “erase
state,” the barrier height becomes larger, i.d. €3/, which makes the leakage current
smaller than that in the writing state. The highwarrier height can effectively
suppress the charge transport with the F-N tungefrechanism and the leakage
current becomes temperature dependent earlier ard obvious than that of the
writing state. In other words, under negative gailtages, leakage current exhibits
more temperature dependence since more chargedravidport with the Frenkel-

Poole or Schottky emission mechanism.

55



4.2.2 nc-ITO Embedded ZrHfO Capacitor

Both Figure 21(a) and (b) show that the leakagesotidensity increases with
the increase of temperature, which is consistetit Wie Frenkel-Poole or Schottky
emission mechanism. In addition, the magnituddefi¢éakage current under negative
bias is smaller than that of the positive bias.c8ithe barrier height of the hole
between HfSiQ and Si is larger than that of the electron, Be4, eV vs. 1.5 eV, the
leakage current density in Fig. 21(a) is highenthaat in Fig. 21(b) under the same
magnitude ofVy. Previously, it was reported that the charge frarts through the
HfO, film may follow the Frenkel-Poole (F-P) mechanismthe Schottky emission

as well [108-109], as shown in equation (20) arid,(Bspectively.

—q(®g— JqE /=)
J~Ex exp kT
(20)
o, |—a(®s— JqE/me)
J= A xT2exp -
(21)

where E is the electric field,T is the temperatures is the insulator dynamic
permittivity, m is the effective massp, is the barrier height, anglis the charge of
one electron. From the above equations, Schottkisstom mechanism is more
dependent on the temperature than F-P conductiamanesm. Figure 21 (a) shows
that the Schottky emission is suitable for the dggkof current under the positivVg
bias condition. Figure 21(b) shows that the F-Pdoation mechanism is applicable
for the negativeV, bias condition. The 13(T?) vs. E*? curves (Schottky emission
fitting plot) and In ¢/E) vs. EY? curves (F-P fitting plot) are shown in Figure Zhe
result shows that the onset of the Schottky emissimminates the charge

transportation mechanismé > 2.5V. Since the Si/HfSiOconduction band offset is
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much smaller than the valence band offset, i.8VY I/s. 3.4V, the Schottky emission
mechanism is more pronounced than the F-P conductexhanism under positivg

[108]. However, under the negativé;, the Schottky emission mechanism is
overwhelmed by the F-P conduction due to the laajence band offset between Si

and HfSiQ.
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[92]

58



4.3 Temperature Influence on C-V Hysteresis Charaetristics

Figure 23 shows th€-V hysteresis curves of (a) the control sample aC25°
and the nc-ZnO embedded sample at (b) 25°C, (dF,78Ad (d) 125°C, separately.
All samples were measured from -6V to +6V, i.ee tbrward sweep, and then back
to -6V, i.e., the backward sweep. The control santps a very small hysteresis,
which indicates the negligible charge trapping cégaof the ZrHfO film in this
sweep range. However, the nc-ZnO embedded samplessh much largeC-V
hysteresis. The flat band voltage differena¥Hg) between the forward curve and the
backward curve can be used as a reference of theorgavindow.AVgg's of Figure
23 (b), (c), and (d) curves are 1.24V, 1.45V, aril¥ at 25°C, 75°C, and 125°C,
separately. The corresponding charge trapping tiemsiQ.’s) are 3.24x1Y,
3.87x10% and 4.3x1&cm?, respectively, estimated from the following eqomafi®

Cep XAVig
aq

Qy = (20)

where q is the electron charge ar@; is the flatband capacitance. It has been
observed that the retention efficiency of the n€©Zambedded ZrHfO thin film
decreases with the increase of the temperature T9@® capacitor lost 22.8%, 28.1%
and 38% of originally stored charges at 25°C, 7at@d 125°C, respectively after
release the stred4, for 10,000s. These lost charges were probablyelgdsapped in
the embedded higk-ayer. Otherwise, the remaining charges, whichewstrongly
trapped, were difficult to lose unless the temperats high.

In general, the Fermi level and the interface prioge of the MOS structure
are sensitive to the temperature [94]. Figure 23a( (c) show that in the forward
sweep direction, th€-V curve at 25°C almost overlaps with that at 75°Dc& the

substrate ip-type, the location and shape of the forward sweepe are determined
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by the amount of holes trapped in the gate diateetrthe starting/y, i.e., -6V, and
the subsequent hole-release mechanism during thetien of V. The overlap of
these two curves means both above processes weraffeoted by temperature
between 25°C and 75°C. However, the slope of @¥ curve of the nc-ZnO
embedded sample in the depletion region is lesp ghan that of the control sample.
This may be contributed by the larger interfaceestdetween the embedded ncZnO
layer and the surrounded highdielectric material [95]. On the other hand, i th
backward sweep direction, the 75°C curve shifthéomore positivé/, direction than
the 25°C curve, which means the increase of eledtapping in the gate dielectric
layer with the increase of the temperature. Thé Bigpstrate temperature favours the
formation of the electron-rich inversion layer andreases the kinetic energy. Both
factors favour electron injection into the gatelel&ric layer. Therefore, the large
AVgg of the 75°C sample compared with the 25°C sampleontributed by the
increase of electron trap not hole trapping.

When the temperature is raised from 75°C to 12%f@h the forward and
backwardC-V sweep curves shift toward the negatyalirection, as shown in Figure
23 (c) and (d). The negative shift \8fg in the forward sweep direction is due to the
increase of the number of hole trapped in the delectric layer aivy = -6V. In the
backward sweep direction, thgg at 125°C is less positive than that at 75°C. This
indicates the amount of electrons trapped in the deelectric decreases from 75°C to
125°C. It is due to the deterioration of the ditleclayer. Since all the backward
curves of the ZnO embedded sample shift towarchtsitive Vy direction compared
with that of the control sample, electrons wereied to the gate dielectric layengt

= 6V independent of the previous hole trapping dmstduring forward sweep.
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Therefore, the largaVeg of the 125°C sample is contributed by both electand
hole trapping mechanisms. Separately, the backwareep curve of the 125°C
sample in Figure 23 (d) shows an obvious shoulden ¥/, = -0.4V to -1.6V in the
region of weak accumulation. This is due to thesexice of a set of near interface
traps (NITs) whose lifetime and capture cross-eactio not respond to the 1MHz
measurement frequency at the lower temperature [9¥dse NITs are located close
to the conduction band edge and have strong indi@m the mobility of the carrier
in the inversion layer [94, 96].

Figure 23 (b), (c), and (d) shows that in the baakivsweep direction, the
capacitance of the nc-ZnO embedded sample decredfieshe increase of the

magnitude of Vy. At Vy = -6V, the capacitances are 310", 3.46x 10™, and 2.7
x 10 at 25°C, 75°C and 125°C, separately. This is dihé increase of the leakage

current of the gate dielectric with the increaseéeofiperature, as shown in Figure 19,

which has been discussed in detail in ref. 97.
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Figure 23.C-V hysteresis curves for (a) control sample at 288Lnc-ZnO
embedded ZrHfO at 25°C, (c) nc-ZnO embedded ZrHf@6aC, and (d) nc-ZnO

embedded ZrHfO at 125°C [91]
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4.4 Temperature Influence on G-V Characteristics

The C-V curve shape in the depletion region is greatlyuariced by the
interface states, which are sensitive to the teatpes. Figure 24 shows the-V
(conductance-gate voltage) curves correspondinghéo backwardC-V curves in
Figure 23 (b), (c), and (d). The peak conductaadedated at the voltage near the flat
band voltage in the depletion region [98]. The pieathie conductance curve is due to
the slow carrier capture rate of the embedded r@;Zwhich comes from the
reduction of the minority carrier density at the/t@inel ZrHfO interface. The
embedded nc-ZnO cannot keep pace with the measnoteimguency of 1MHz,
which results in the energy loss. Thus, the corahget peak and the largest energy
loss occur at the flat band voltage. For the 1262 curve, there is a valley &, = -
0.75V, which corresponds to the lowest conductgmat. It does not occur in the
lower temperature curves because the NITs are negponsive to the measurement
frequency at the high temperature [98]. The humyyat 0.8 V in the 125°G5-V;
curve is contributed by the interface states. g4 also shows that when thgis
lower thanVgg, the conductance of the capacitor increases Wwehd@mperature. This

is consistent with the trend of leakage currenhgeawith temperature in Figure 19.

63



small hump at
conductance 1, =0.8V o

peak /
g —~—75C

3.80E-05

~ L1.80E-05

Gm

-2.00E-06

L

-5 -3 -1 1 3
Gate Bias (V)

Figure 24 G-V curves of capacitors in the backward sweep doedai 25°C, 75°C

and 125°C, respectively [91]
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4.5 Temperature Influence on Charge Retention Effiency

4.5.1 nc-ZnO Embedded ZrHfO Capacitor

The charge retention efficiency of the nc-ZnO endsed capacitor was
studied with the following method. FirstVg was applied to the capacitor for a period
of time to trap charges to the dielectric struct@econd, after releasing thig theC-
V curve was measured in a sm&l range, i.e., -2V to +1V. Third, th€-V
measurement step was repeated every 1000s. Onligihkegcharges were injected
into or removed from the capacitor during &/ measurements because of the small
Vg range. The flat band voltag®¥gg, calculated from theC-V curve reflects the
capacitor’s charge retention state

The flat band voltage shift can be expressed asetibn of the retention time
(t), as shown in Figure 25 (a). The electron chaegention characteristics of the nc-
ZnO embedded capacitor were measured at diffeemperatures after +6V, 90s
“write” stress. The magnitude of the charge stordgereased with the increase of
temperature. This can be attributed to electropgiray possibilities at the nc-ZnO
layer reduces due to the increased electron theemaigy at elevated temperature
[102]. In addition, the dielectric’'s conductancecreases with the increase of
temperature, which also can contribute to the lgaka the stored charges to the Si
wafer. After 10,000 s, the capacitor lost 22.8%,128 and 38% of originally stored
charges at 25°C, 75°C and 125°C, respectively.rei@d (b) shows the same figure
as Figure 25 (a) but the time is on the logaritloales The result shows that the nc-
ZnO embedded ZrHfO higk{ilm will gradually lose the nonvolatile properas the
temperature increases. In other words, the elettepping capability for the

embedded nc-ZnO decreases with the increase téitigerature.
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Figure 25. (a) Charge retention characteristic@dd£mbedded highk-thin film under

different temperatures, (b) same as (a) with timéhe logarithm scale [93]
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4.5.2 nc-ITO Embedded ZrHfO Capacitor

The temperature effect on the charge retentiorcieffcy of the nc-ITO
embedded capacitor was studied with the followirgghad. First, a gate biagy) was
applied to the capacitor for a period of time tptcharges to the dielectric structure.
Second, after releasing thg, theC-V curve was measured in a smélrange, i.e., -
2V to +1V. Third, theC-V measurement step was repeated every 1800s. Only
negligible charges were injected into or removenfrthe capacitor during the-V
measurement because of the sméll range. The flat band voltag&/rs, was
calculated from th&-V curve to reflect the capacitor's charging statee flat band
voltage shift(4Veg ), which is defined a¥gg (after stress release for a period of time)
- Ves (before stress), is expressed as a function ofirtie ¢), as shown in Figure 26
(a) after releasing the Mg = -8V stress conditions at different temperatufésst,
the magnitude of the memory window increases withihcrease of the temperature,
i.e., 0.64V, 1.14V, and 1.21V at 25°C, 75°C, an8°Q2 respectively. In contrast, the
control sample has negligible memory windows, elygs =0.03V and 0.3V at 25°C
and 75°C, respectively under the same sweepingitoamsl All trapped charges in
the control sample were lost after 28 hours at 75FRe initial increase of the
memory window in the nc-ITO embedded sample is ipaioe to the change in the
Fermi level and the interface properties. Compavidd the room temperature stress
condition, the elevated temperature provides thditiadal energy to holes to
overcome the barrier height for easier reachingth€l O site. ThelVeg- t curves in
Fig. 26 (a) is consisted of two sections: quicksla$ charges at < 3600 seconds
followed by the slow loss of the remaining chargéier a long period of time. The

first section is due to the detraping of the lopsedpped charges; the second section
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is due to the release of the strongly trapped @sarghe initial charge decay rate and
the loss of the trapped charges increase withritrease of temperature, i.e., 27.6%,
45.7% and 71.5% at 25°C, 75°C and 125°C, respdgtafer one hour. After 10
hours, the capacitor lost 34.8%, 64% and 92% oftdeked trapped charges at 25°C,
75°C and 125°C, respectively. This is because theductance of the dielectric
material increases with the increase of the tentpexawhich facilitates the leakage
of the charges to the Si wafer. Therefore, tempesahot only influences those
loosely-trapped but also strongly-trapped chargegire 26 (b) shows the same data
as Fig. 26 (a) but with the time on the logarithoale extrapolated lifetime. At 25°C,
61% of the stored charges were lost after 10 yétowever, at high temperatures, the
loss of the charge increased drastically. For exangp 75°C, all stored charges were

lost after 270 days and at 125°C the time was shed to 1.67 days.
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Figure 26. (a) Charge retention characteristic ®TO embedded high-k thin film

under different temperatures, (b) same as (a) tvith on the logarithm scale [92]
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4.6Temperature Influence on the Breakdown Mechanism

The thermal effect of breakdown mechanism for th&nO embedded higk-
thin film can also be examined with the ramp-refagrasurement method. Here,
authors applied the same ramp-relax method to figate the breakdown phenomena
of nc-ZnO embedded higheapacitors at different temperatures. Figure 2shthe
Jramp-Vg andJreiax-Vg curves of capacitors at 25°C, 75°C, 125°C and @75he 25°C
Jamp-Vg curve is composed of three sections. First, Jag, increases slowly and
smoothly with the increase of/y from OV to -5V. In this region, charges start ftapt
to the embedded highstack and at the same time, the spot-connecteakdwen
path gradually forms [84]. In the second sectitwe, quasi-breakdown initiates where
spot-connected paths begin to be realized [84,I86his section, the leakage current
increases faster with the increase\gf due to the existence of a small number of the
connected paths. In the third section, the com@etakdown occurs after the film
becomes conductive and then, becomes very large. Compared with the 2336
Vy curve, the smooth transition of the curve in secti at 75°C or 125°C is not
obvious, i.e., ends before -2 volt. The short ped the smooth section shows that
the increase of temperature provides enough enrggharges to form the spot-
connected path fast.

The breakdown strengtih/gp, of the capacitor can be identified with the
abrupt jump of theJamp Nc-ZnO embedded ZrHfO high-k thin film has been
demonstrated to have a largéyp than the non-embedded ZrHfO sample [103-104].
Moreover, the breakdown strength of the nc-ZnO aldbd sample is dependent on
the temperature, e.g., in the order of@575C, 125C, and 175C. The Jamg— V

curves exhibit no temperature dependence at snaddl goltages because a hole
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accumulation layer is formed. At higher gate vadtsgmore charges transport through
the Frenkel-Poole or Schottky emission, which makes leakage current more
temperature dependent. Since ZnO is semiconduttemore difficult to breakdown
than the surrounding dielectric material. Therefotiee failure of the nc-ZnO
embedded higlt-film at room temperature is from the breakdownha bulk ZrHfO
[103-104].

The change of the polarity ifeax iS dependent on the temperature. This is
different from the breakdown phenomenon of the amiedded higlk-film. When
the non-embedded ZrHfO stack breaks down, the ipplaf Jeax Will change
immediately. However, the polarity of tlde.x does not change after breakdown of
the nc-ZnO embedded highfilm, which means the nc-ZnO is not broken. This
phenomenon occurs at Za At 75°C, theJampVg curve breaks at -10.1 V while the
polarity change in théaVy curve occurs at -18.3 V. At 125, the JamyVy curve
breaks at -9.2 V while the polarity change in .V, curve occurs at -12.7 V.
Eventually, at 178, theJ.amgVy curve breaks at the sarig as that of the polarity
change in th@.aVy curve, i.e., -6.8 V. Therefore, the nc-ZnO breakdaequires a
much largerVy than that of the bulk higk-film. The difference between the two
breakdownVy's decreases with the increase of the temperatvhen the temperature

is high enough, e.g., 176, the nc-ZnO and the bulk hidghiareak at the samé,.
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CHAPTER 5

OPTIMAL BURN-IN TIME

In this section, the optimal burn-in time of the-Z1O embedded high-k
device is obtained. Burn-in is a widely used metiodveed out the defect items
before the product is shipped to the customer.p@rform the burn-in process, items
are put on an accelerated life test for a certeie periodb, called the burn-in period.

Those that survive the burn-in process can besettéor field use. The burn-in time

functions for optimization and then showed thatogtimal burn-in timep’, indeed
existed. Minimal cost is the most widely used otwec function to determine the
optimal burn-in time for IC devices, and more andrencost factors have been
considered, such as repair cost, replacement odstvarranty policies. However, in
the nano era, the calculation of these cost fastdidecome more difficult because
of the short product life cycle and limited dataeld and reliability, on the other hand,
are two primary factors in semiconductor manufactur By using yield and
reliability modeling as the foundation for developi effective stress burn-in,
semiconductor manufacturers can provide high-quaptoducts to customers.
Therefore, some reliability concepts have beeniagpb obtain optimal burn-in time.
In this study, the optimal burn-in times were obé&al under two objective functions:
1. maximize the reliability with a given missiomt, proposed by Mi [105], and 2.

achieve the mission reliability.
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5.1 Hazard Rate Function Estimation

It is widely believed that many products, particlyailicon integrated circuits,
exhibit bathtub-shape failure rate function. Tradial bathtub-shape curve divided
the component life into three stages. The firsgetas known as infant mortality
period. In this stage, we have a decreasing fallate (DFR). The second stage is
called the normal operating life. In this stage, ée a constant failure-rate period
(CFR). The last stage is a period of wearout withirecreasing failure rate (IFR)

because of aging.

Consider the simplen right censored survival dat(X,,d,); 1< j<nf,

1, failed
where X, is the time that theth individual was last seen ary = . To
0, censored

find the approximation of the hazard rate functitime non-parametric Bayesian
approaches proposed by Arjas and Gasbarra [8] pEeed:

The hazard rate functim{u] ot 20}, was defined as a simple jump process

structure:

A (t) = Z]'{T. <t<Tiq} Ai (21)

i=0

wherel;, is the indicator functionQ<T, <T, <... is an increasing sequence of jump

times andA, > Care the corresponding levels of the piecewisetenhiazard ratély,

T,, ... form a time-homogeneous Poisson process withranpater g,
A, ~Gammda,, £,) and A ~ Gamméa, 3), B :/]i.
i-1
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Let {(T/,A), 0sk<m} be the value ofT, ,,,m) after theith iteration,

wherem is the number of jumps in the hazard rate. Thencare sample from the

following distributions [8]:

-I-k| +1 - p(Tk |T(;+l! Aio+l,___,Tkij]:_L, /1ik+_11, /Tk ;Tki+l1 Aik+l!""TfTi1i ’/T”\ ! data)

0 exp{—Y(Tkiﬂ)( [ s+ [ )likdsj

X i+1 Tk i+1 Tki+1 i (22)
B z . .[Ti*l/‘k‘lds_ z . (J-T”l/‘k‘lds-l-.'-T /]de)
X0 Tl X 0T Tl N “
T T DR (VT e O N | SRR PAOVGTe e v I N1 S
- [, s [ g (4) x(4) x i
and
A~ A T A T AT T T, AT A, datg)
0 Gammd,;a, B Gamm{)l‘kﬂ;a, Aﬂj x (A )" (23)
k

xexW{—Y(Tk'ﬂ)x TT;f/lkds— > thlAkds}

X D(Tk‘*l, Tkiﬂ)

n

whereY(t)=n- Zj{qu} is the number of the individuals at risk at tim&A denotes
j=1

the cardinality of sef, andr, = 25] . Then a good approximation of the hazard

Tki +1< X j <Tki+1

rate function can be obtained from the above aigori
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5.2 Accelerated Life Test

The modern products nowadays are designed to epéwatyears without
failure. Estimating the time-to-failure distributicor long-term performance of the
component becomes very difficult. Only few unitdIviail during the test at normal
use conditions. Thus, accelerated life tests (ALA® used wildly in industries to
obtain the reliability data of the product. ALTseansually performed under high
levels of stress, such as high temperature, volbageessure. The burn-in process in
this study was a voltage stress accelerated bfte T® collect the time-to-failure data,
the constant voltage stress tests were performeth®mc-ZnO embedded ZrHfO
capacitor. The accelerated voltage stress was 7Arbthe CVS tests, the jump of
leakage current at the moment of breakdown candaelyg identified. To estimate the
lifetime of the product with the accelerated liést; the acceleration factor needs to be
obtained. Assuming that voltage dependence of tbeicd lifetime follows
exponential law, the voltage acceleration fac#®ir,J can be expressed by Qin and

Bernstein [106]:

AFv = e[y(VA_VO )| (24)

where y is the acceleration coefficierifp is the accelerated voltage awd is the
operating voltage. In this researghz 7 is chosen based on the results from Qin [106]
and Wu [107]. Then the acceleration factor can balcutated as
AF, =d 1581 = 363155 . In other words, one hour in the burn-in procegaats

36315.5 hours under normal operation conditions.
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5.3 Optimal Burn-In Time

In this section, the hazard rate function will Istiraated based on the model
discussed in the previous section. The lifetimeade¢re obtained from the nc-ZnO
embedded ZrHfO nonvolatle memory prepared by ThHhaiim Nano &
Microelectronics Research Laboratory. The memoryicde was stressed under a
constant voltage stress i.e., 7.5V for 15,000 sescend the leakage current was
measured every second. The failure was definebleaalirupt increase of the leakage
current. The typical J-t curve of the lifetime testshown in Figure 28. In each
lifetime test, the leakage current decreased quifkst and became stable. The
phenomenon was discussed in Chapter 2. The decofaeakage current at the
beginning can be attributed to the Coulomb blockeffiect due to charges trapped to
nc-ZnO sites. With the increase of the stress ticharges are gradually stacked to
form the spot-connected path. Eventually a condecpath is established and the
leakage current increases abruptly. The lifetimé daollected from this kind of

device are listed in Table 3.
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Figure 28. The J-t curve example for the lifetirast t
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Table 3. The lifetime data (time

capacitor

to failure) set tbe nc-ZnO embedded ZrHfO

stress level =7.5V

No.
time to failure

1 2
2 2
3 8
4 82
5 95
6 182
7 196
8 198
° 920
10 1369
1 15000
12 15000
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The estimated hazard rate function is plotted iguFé 29. The DFR was
observed before 1500s and the hazard rate becdmestaconstant afterwards. To
determine the optimal burn-in time, Mi [105] propdsthe maximizing the reliability
of a burn-in item to survive a mission time. Lee thazard rate function of a
component bd(t) and the component is required to accomplish aionstime,7 .
Then the reliability of completing the mission &7), where S is the survival
function of the component. After the burn-in pragethe conditional reliability of

accomplishing the mission can be expressed by

=e® (25)
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Figure 29. Estimated hazard rate function

The optimal burn-in time of the nc-ZnO embedded @rkhemory device can
be obtained such that the above conditional reitghvill be maximized.

The numerical results are shown in Figure 30. Whef months, 1 year or 2
years, the conditional reliability will reach itsasimum att = 5867s, 5470s and
5206s with maximal reliability = 99.7%, 99.4% artl ®%, respectivelyThe optimal
burn-in time can be estimated to achieve the mssahability [108-109]. Let the

mission reliability beR,,, we haveR_ = h(b+7)-h(r). Figure 31 shows the optimal

burn-in time under different mission reliabilitiesth 7 =1 year. WherR,=99%, 95%
or 90%, the mission reliability will be reached tat= 2597s, 1077s and 533s,

respectively.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

Nanocrystal embedded high-k stack can successkjiiace the conventional
poly-Si floating-gate nonvolatile memory. Differeabharge storage media, i.e., nc-
ZnO, nc-ITO, nc-Ru, and nc-Si have been studiedcamapared in this research. The
nanocrystal embedded ZrHfO high-k thin film was gaeed with RF sputtering
process in the one-pump down process without bmgatlie vacuum. In this study,
the reliability issues of this kind of dielectritriscture have been investigated through
monitoring the C-V hysteresis characteristics, @nirrrelaxation process, breakdown
phenomena, charge transportation mechanisms, imteproperties, temperature
effect and lifetime analysis.

Large C-V hysteresis was detected in four diffetentls of nanocrystals, i.e.,
nc-Si, - ITO, -Ru, and -ZnO, embedded ZrHfO highhks. It is difficult to compare
the charge storage capacities of these samplesideethey have different physical
thicknesses or EOTs. Relaxation currents of theocrgstals embedded high-k
dielectric films were measured and compared. Adaggte voltage provides a higher
initial relaxation current than the lower gate agk does. The relaxation behavior
does not seem to be influenced by the initial &gplgate voltage. Different
nanocrystals held charges at different strengtes,in the order of nc-ZnO > nc-Si >
nc-Ru > nc-ITO. The inconsistence between the ntadeiin the hysteresis and
charge holding strength show that the charge trgpgitrength of a nanocrystal
material cannot be compared only by C-V curves.tTato investigate the charge
holding capability in the nc-embedded films witHfelient EOTs, C-V curves and
relaxation behavior are both required; the fornsaused to calculate the total number
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of initially trapped charges and the number of &dpsrapped charges can be obtained
from the latter. The relaxation current was contida by the loosely trapped charges,
which is less than half of the originally trappeddames. The nanocrystal material
influences not only the charge storage capacityataat the charge holding time.

For the single-layer nanocrystal embedded ZrHfOacapr, the breakdown
phenomenon can be investigated by using the ratap-reethod or time-dependent
dielectric breakdown method. The result of the raelpx method shows that the
breakdown of the sample was due to the breakdowinedbulk high-k film instead of
the nanocrystals, which was demonstrated from alo& bf polarity change of the
relaxation current. The breakdown mechanisms ofsthgle- and dual-layer nc-ITO
embedded ZrHfO capacitors have also been investigasing the two-step ramp-
relax and the time-dependent dielectric breakdowethods. The hole trapping
capacity became more than double with the addiiothe extra nc-ITO layer. The
charge transport mechanism of the nc-ITO embeddeldiCZstack followed the F-N
tunneling relationship. Th&ampVg, Jrelax-Vg, andC-V curves of the nc-ITO embedded
capacitors before and after the first breakdowip stere measured. The complete
breakdown of the capacitor cannot be simply idesttifrom the abrupt jump of the
leakage current. The addition of the nc-ITO inceglthe leakage current and made
the complete high-k stack easier to break down.

The temperature effects on memory functions of nkeZznO and nc-ITO
embedded ZrHfO capacitor have been studied. FomthgénO embedded ZrHfO
capacitor, the high temperature suppressed theo@aublockage effect in the J-V
curve. The C-V hysteresis phenomenon became obwutls the increase of

temperature from 25°C to 125°C. For the p-type wafethe accumulation region,
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the hole trapping efficiency became obvious at high temperature, e.g., 125°C.
However, in the inversion region, the electron piag effect was detected at 25°C.
The interface quality is sensitive to temperaturethe depletion region, the C-V
curve slope decreased with the increase of temperaf valley in the G-V curve
was observed at 125°C but not at 25°C or 75°C dubéd former’s interface states.
The NITs are responsible for the low conductancéh@125°C curve. Therefore, the
sample temperature affects the memory function®utlir changes of carrier
generation, carrier kinetic energy, and dielectanductance. The results of the
retention efficiency test show that after releadimg gate stress, i.e., at +6V for 90s,
for 10,000s, about 22.8%, 28.1% and 38% of thermalty trapped charges were lost
at 25°C, 75°C, and 125°C, respectively. Moreovedean room temperature, the nc-
ZnO embedded ZrHfO high-k sample can retain chafgesore than 10 years with
memory window = 0.3V. However, the charge retentiapability decreases with the
increase of the temperature i.e., the lifetime el@sed to 2 years at 75°C and 1.5
months at 125°C, separately. Therefore, the retengfficiency for the nc-ZnO
decreases with the increase of the temperatuigddition, the capacitor’s breakdown
strength decreased with the increase of the temyeran the order of 25°C, 75°C,
125°C and 175°C. For the nc-ITO embedded sampke,irtitial memory window
increased with the increase of temperature. Howether charge storage capacity
decreased with the increase of temperature. Adleasing the stress for 10 hours, the
loss of the trapped charges were 34.8%, 64% and &225°C, 75°C and 125°C,
respectively due to the increase of thermal enafgyhe trapped charge and the
electric conductivity of the high-k film. The cha&rgetention capability decreased

with the increase of temperature, £\ = 0.25V after 10 years at 25°C, 0V after
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270 days at 75°C, and 1.67 days at 125°C. The ehtegsportation mechanism
follows the Schottky emission mechanism in the eesiVy range and the and F-P
conduction mechanism in the negativg rdnge due to the different conduction and
valence band offsets between Si and HfSiOx.

Finally, the lifetime analysis of the nc-ZnO embeddhigh-k nonvolatile
memory device was performed with non-parametricéBan approach. This research
applied the nonparametric Bayesian method to etith@ hazard rate function of the
nc-ZnO embedded high-k device. The optimal burtiire was determined with two
different objective functions. The 99% mission abllity after one year can be
achieved with a 2597s burn-in procedure. In addjttbe maximal reliability, 99.4%,

after one year can be achieved with the 5470s ioutime.
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