NANOCRY STALS EMBEDDED ZIRCONIUM-DOPED HAFNIUM OXIDE HIGH-K

GATE DIELECTRIC FILMS

A Dissertation

by

CHEN-HAN LIN

Submitted to the Office of Graduate Studies of
Texas A&M University
in partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY

August 2011

Magjor Subject: Materials Science and Engineering



NANOCRY STALS EMBEDDED ZIRCONIUM-DOPED HAFNIUM OXIDE HIGH-K

GATE DIELECTRIC FILMS

A Dissertation
by

CHEN-HAN LIN

Submitted to the Office of Graduate Studies of
Texas A&M University
in partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY

Approved by:

Chair of Committee, Y ue Kuo

Committee Members, Ohannes Eknoyan
Chin B. Su
Joseph Ross

Intercollegiate Faculty Chair, Ibrahim Karaman

August 2011

Major Subject: Materials Science and Engineering



ABSTRACT

Nanocrystals Embedded Zirconium-doped Hafnium OXagh-k Gate Dielectric Films.
(August 2011)
Chen-Han Lin, B.S., National Chiao-Tung Universkginchu, Taiwan;
M.S. National Tsing-Hua University, Hsinchu, Taiwan

Chair of Advisory Committee: Dr. Yue Kuo

Nanocrystals embedded zirconium-doped hafnium oX#ifO) high-k gate
dielectric films have been studied for the applma of the future metal oxide
semiconductor field effect transistor (MOSFET) amshvolatile memory. ZrHfO has
excellent gate dielectric properties and can b@agrexrd into MOS structure with a low
equivalent oxide thickness (EOT). Ruthenium (Ru)dification effects on the ZrHfO
high-k MOS capacitor have been investigated. Th& land interfacial properties
changed with the inclusion of Ru nanopatrticles. paamittivity of the ZrHfO film was
increased while the energy depth of traps involvethe current transport was lowered.
However, the barrier height of titanium nitride NJiZrHfO was not affected by the Ru
nanoparticles. These results can be important @éontbvel metal gate/high-k/Si MOS
structure. The Ru-modified ZrHfO gate dielectriefishowed a large breakdown voltage
and a long lifetime.

The conventional polycrystalline Si (poly-Si) chardrapping layer can be
replaced by the novel floating gate structure cosedaof discrete nanodots embedded in

the high-k film. By replacing the SiQayer with the ZrHfO film, promising memory



functions, e.g., low programming voltage and lohgrge retention time can be expected.
In this study, the ZrHfO high-k MOS capacitors tisaparately contain nanocrystalline
ruthenium oxide (nc-RuO), indium tin oxide (nc-ITGnd zinc oxide (nc-ZnO) have
been successfully fabricated by the sputtering siéipa method followed with the rapid
thermal annealing process. Material and electpcaperties of these kinds of memory
devices have been investigated using analysis sath as XPS, XRD, and HRTEM,
electrical characterizations such as C-V, J-V, CV&)d frequency-dependent
measurements. All capacitors showed an obvious memimdow contributed by the
charge trapping effect. The formation of the iraed at the nc-RuO/ZrHfO and nc-
ITO/ZrHfO contact regions was confirmed by the XB&ctra. Charges were deeply
trapped to the bulk nanocrystal sites. Howevemrtign of holes was loosely trapped at
the nanocrystal/ZrHfO interface. Charges trappeth&different sites lead to different
detrapping characteristics. For further improvihg tmemory functions, the dual-layer
nc-ITO and -ZnO embedded ZrHfO gate dielectriclstdtave been fabricated. The dual-
layer embedded structure contains two verticallyasated nanocrystal layers with a
higher density than the single-layer embedded strecThe critical memory functions,
e.g., memory window, programming efficiency, andrge retention can be improved by
using the dual-layer nanocrystals embedded floagjatg structure. This kind of gate

dielectric stack is vital for the next-generati@niolatile memory applications.
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CHAPTER |

INTRODUCTION

1.1High-K Gate Dielectrics for SI-MOSFET
1.1.1 General Background

Since the silicon-based metal oxide semiconductor field effect transistor (Si-
MOSFET) was first invented in the mid-60s, for past decades, shrinking its physical
feature size has been a driving force for the development of the semiconductor industry.
Figure 1 shows the schematic diagram of the typical N-channel MOSFET (NMOSFET).
With decreasing the channel length (L), the device’s performances, e.g., switching speed
and driving channel current (I) can be greatly enhanced. At the same time, more
transistors can be integrated into a single chip, which significantly lowers the cost of
integrated circuit (IC) production. The driving channel current (I) of the NMOSFET can

be expressed by Eq?21,

1 W
= ?(T)ﬂ nCoVos (Ves —Vr) (1]

where W is the channel width, L is the channel lengths jthe effective mobility of
electrons in the channel,,Js the capacitance of the gate structurgs i the channel
potential (drain to source), ¢ is the gate voltage (gate to source), andi¥ the

threshold voltage of the device.

This dissertation follows the style @burnal of the Electrochemical Society.



Equation 1 indicates that decreasing the channgthe(L) and increasing the gate
capacitance (&) are the two effective ways to enhance the chaouekent. However,
many challenges are raised for this purpose. Onkenh is to decrease the thickness (d)

of the gate dielectric film in order to maintairethroper gate control.

F sourca

p-type Substrate |

|

2

Vsug

Figure 1. Schematic diagram of NMOSFET.



The thermally-grown silicon dioxide (SDfilm has been used as the gate
dielectric for decades due to its excellent bulkl amerfacial properties, such as high
energy band gap (E-9 eV), high dielectric breakdown strength (~15 M), high
amorphous-to-polycrystalline temperature (>11%0), low interface (Si@Si) state
density (<16' eV'’cm?), and high conduction (3.5 eV) and valance bandl €¥) offsets
with respect to Si wafef> However, when the Sidilm is kept scaling down to less than
3 nm, the gate leakage current becomes very iMemkie to the direct tunneling effect.
This causes the power consumption and device fi@jaboncerns®” It also has been
reported that the gate tunneling current incredsesvo orders as lowering SpQilm
thickness by each 0.5 niwpparently, the Si@thickness scaling down is not unlimited.
It will meet a material and electrical limitatiog.g., 1 nm, however, which is required for
the 45 nm technology nodeFortunately, spin-offs still exists. Equation 2pessses a
MOS structure’s gate capacitanceyCunder the accumulation or strong inversion

condition,

ke A

COX
d

[2]

where k is the gate dielectric film’s dielectricnsbant,so is the vacuum permittivity
(8.85x 10" F/cm), and A is the gate electrode’s area. Siheeunavoidable thickness
scaling of the Sigfilm is due to its low dielectric constant (k~ 3.&)can be replaced by

a high-k material, i.e., k > 3.9, to not only obtai high gate capacitance but also increase
the physical film thickness. Therefore, by using tigh-k MOS structure, the promising
device characteristics, e.g., gate control abildaw leakage current, and sufficiently large

channel current, can be simultaneously achieved.



1.1.2 HfGQ High-K Gate Dielectric

Not all high-k materials are suitable for the MOSFE&chnology. They must be
compatible to the modern IC processes, such asntiopativation, etching, lithography,
and back end metallization. In addition, unlike ttleermally-grown Si@ high-k
materials need to be deposited on the Si waferafgnly, the interfacial quality of the
Si/high-k interface is not comparable to the Si/Si@terface because of the former’'s
heterogeneous deposition process. Therefore, akhogimdidate for the MOS structure is
not expected to achieve as same excellent propeaiethose of SiQe.g., very low
interface state density and amorphous phase thootighe fabrication process. However,
it is possible to optimize above properties throdgiforing the deposition conditions.
The most important advantage of the high-k filnbeoemployed as the gate dielectric is
its physical thicker thickness than the Silm under the same equivalent oxide
thickness (EOT). EOT is a critical parameter of @S structure, and can be defined as
the thickness of a Sidilm that provides as same capacitance as a highmkdoes. The
criteria and requirements of a high-k candidate tfioe MOSFET technology are
summarized in Table .
K Value and Eq

Although a high k value is no questionably prefégabt should be in the
reasonable range, e.g., 15-60. If the gate dietefitm has an insufficient k value, it
would not fully satisfy the requirements of the E&3Jaling down. In contrast, materials
with very high k values generally have poor therstability, and suffer field-induced
barrier lowering effect (FIBLJ! This makes the threshold voltage unstable, arttidur

degrades the gate control ability.



Table 1.

Criteria and requirements of high-k filon MOSFET applicatior’

Criteria Requirements
EOT <1 nm K=15
Negligible FIBL Effect K = 60
2
Leakage <1 A/cm Eg> 35 eV

Thermal Stability

Minimum Reduction and

Reaction with Si Substrate

1 -1 -2
Interface State Density <10 eV cm
Hysteresis < 20mV
Reliability > 10 years




Figure 2. Band gap @Evs. dielectric constant (k) of high-k gate digteccandidates?



On the other hand, the gate leakage current isbipgest issue for a MOS
structure. From Table 1, a band gag)(& 5 eV is required to limit the gate leakage
current < 1 A/cri Figure 2 shows the relationship between the kesahd E of several
gate dielectric candidaté$The general trend between these two material piiepecan

be expressed by the following equatidn:
3
E, =20(—)2 3
9 (2 N k) [3]

which shows that the gEncreases reversely with the k value. Judged fii@ile 1 and
Fig. 2, both hafnium oxide (Hf) and zirconium oxide (Zrg¢) films are likely best high-
k candidates because they have relatively high &6 eV) and suitable k values (~20-
25).
Thermal Stability and Interfacial Quality

A high temperature treatment is required to fabricatee MOSFET, e.g., post
deposition annealing and dopants activatitihthe high-k film is not thermally stable,
the amorphous-to-polycrystalline phase transitiay maccur, which creates a number of
grain boundaries to serve as diffusion pathin this case, the gate leakage current is
greatly increaset’*® On the other hand, the interfacial quality of 8ithigh-k interface
is also substantial because it affects the intertiensity states and the carrier mobility in
the channel. It was reported that most high-k filmse two kinds of interfacial stability
concerns during the high temperature process, reelyction of the high-k film and
reaction with the Si substratéAfter the reduction, the out-diffused metal atomay
react with Si and O to form an unfavorable integfdayer at the Si/high-k interface.

Additionally, the high-k film may directly react Wi the Si substrate to form the metal-



silicide!® which increases the leakage current. The interfager formed between the
high-k film and Si wafer has a relatively low k ual therefore, reduces the effective
dielectric constant of the whole MOS statik.fact, how to inhibit the interface layer
formation has been widely studied since the hig@®S technology was proposet’
Among high-k gate dielectric candidates, Hf®as a relatively high free energy of
reaction with Si (47.6 Kcal/moff, therefore, it is expected to be more stable onShe
substrate compared with other high-k materialshédgh another high-k candidate 2rO
was also reported that has a thermal stable inenféth the Sf? HfO, still has more
potential for the MOSFET application than Zr@oes, i.e., lower free energy of
formation, lower thermal expansion coefficient, almver self diffusivity'®** The
comparison of the thermal stability properties kedw the Hf@ and ZrQ are listed in

Table 21°%*2?*|n general, both high-k films have similar thermebperties.

Table 2. Thermal stability properties of Hf@nd zrQ. 1922

HIO2 Zroz
Heat Formation (Kcal/mol) 271 261.9
Free Energy of Formation (K.J/mol) -1088 -1040
-6 -1
Thermal Expansion Coefficient (10 K ) 53 7
-17 -10
Self Diffusion Coefficient at 900K 2.8x10 6x10




Conduction and Valance Band Offsets with Respect to S

Since the high-k gate dielectric directly contasith the Si substrate, its band

alignments, i.e., the conduction band and valarened loffsets with respect to Si, are

strongly related to the carrier transport phenomendsually, a large band alignment

favors a low gate leakage curréniThe reported band alignments of the importantfigh

gate dielectric candidates are shown in Fig® BfO, has the conduction and valance

band offsets of 1.5 eV and 3.4 eV with respect tor&pectively. This number is

relatively larger than that of the other high-k dalates which have comparable k values.
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Figure 3. Band alignments of high-k gate dieleatdadidate$®
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1.1.3 Zr-Doped HfQ (ZrHfO) High-K Gate Dielectric

HfO, has been considered as a promising high-k gatkectlie due to its
advantageous materials properties, such as hidgctlie constant, wide band gap, good
thermal stability, and relatively large band offsetith respect to Si. However, Hi@as
a big drawback for the SI-MOSFET application, ilew crystallization temperature (<
600°C).2” This problem can be solved by doping with othetahexides that have a high
crystalline temperature. For example, Si or Al baradded into the Hiilm to increase
the amorphous-to-polycrystalline transition tempame because among promising gate
dielectrics, only Si@ and AbOs; can sustain the amorphous phase under the high
temperature proce$8.The Si- and Al-doped Hf©film also show improved reliability
properties’”**However, the effective k value is reduced becaitberSiQ or Al,Os has
a lower intrinsic dielectric constant than Hf@n addition, these doped-H{@ilms show
phase decomposition at a high temperature (> “@)0 which degrades the device
characteristicd}®? Recently, ZrQ has been proposed to dope with biffor the gate
dielectric applications because it has a highemggvity than SiQ or Al,Os. Moreover,
judged from the Zr@HfO, phase diagram as shown in Fig. 4, Zi©totally miscible
with HfO,.3* Therefore, the phase decomposition problem camiled out in the ZrHfO
film. In addition, both HfQ and ZrQ films have similar gate dielectric properties,.e.g
band gap, thermal stability, and large band offsetsdiscussed in the section 1.1.2. The
crystallization temperature of the ZrHfO film issalexpected to be higher than that of
the un-doped HfQ film because the Zr dopant can interfere the lmarge-order
formation of the HfQ@ film’s crystalline structure. The similar concepas been

demonstrated in the Zr-doped tantalum oxide,QEp film.3* The addition of Zr may
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change the surface energy constraint and the buyitat growth mechanism, which

increases the crystallization temperature of th&d7 &lm.
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Figure 4. ZrQ-HfO, phase diagrart
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1.1.4 Metal Incorporation in High-K Film

Recently, metallic materials have been propose@ptace the polycrystalline Si
(poly-Si) as the gate electrode for the Si-MOSFEGhnhology*>=° This is because the
boron dopants from the conventional poly-Si gata panetrate the underneath gate
dielectric film during the source and drain thermaativation stef! which causes the
threshold voltage unstable. Seh al. also reported that when the high-k HfQate
dielectric was contaminated with boron, the dewWagiannel mobility and gate leakage
current were degraded due to the band offset remueind induced gap states in the
high-k film.3® By using the metal gate structure, the boron patien effect can be
eliminated. Among many metal gate candidates, rutime (Ru) is very promising for P-
channel MOSFET (PMOSFET) due to its relatively hgbrk function and theoretical
chemical and thermal stability with respect to kf&* However, many works regard for
the thermal response of the Ru/HfSi MOS structure have been report&d' The
results indicate the unstable thermal performaridéis kind of structure. For example,
Ru may diffuse into the Hf&film during the rapid thermal process at tempemas low
as 800°C.** Also, Ru may react with the bottom Hf@Im to form a thin ruthenium
oxide (RuO) interface layer at the Ru/Hf€bntact regiorf? On the other hand, the high-
k film changes its material and electrical propetwith the inclusion of the metal
nanoparticles. Chenet al. reported that the effective work function of the
TiIN/HfO,/SIO,/Si MOS capacitor can be modified by ion implantialgiminum (Al)
nanoparticles into the stack due to the Al-induckpole formed at the Hf&SIiO,
interface?® Ravindran reported that the 28 film’s permittivity can be increased by

adding silver (Ag) nanoparticles in the film beocaube injected carriers from the Si
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substrate can be trapped to the silver nanopartcld result in the dipole enhancement
effect®® The similar phenomenon was also reported in tf@y/8l,04/Li-O dielectric
stack with the inclusion of the gold (Au) clustéfsin this dissertation, the Ru
modification effects on the material and electrigadperties of the ZrHfO MOS capacitor

containing Ru nanopatrticles will be thoroughly istigated and discussed.

1.2 Nanocrystal Nonvolatile Memory
1.2.1 General Background of Flash Nonvolatile Memor

A nonvolatile memory is defined as the two memotgtes that can be
distinguished (data-sustain capability) at least 16 years without power. With the
dramatic progress of the Si-MOSFET technology ist gkecades, Flash memory attracts
most attention compared with other types of nomielanemories due to its process
compatibility*® Flash memory was first proposed by Masuoka in 188@e he was
working in Toshiba. The word “Flash” was named frdine memory’s erase process,
which impressed Masuoka’s colleague, Ariizumi, aachinded him of a camera flash.
Flash memory has been widely exploited for the mog®rtable electronics because of
many promising advantages, such as low power copsom high density, and low cost.
A Flash memory chip is composed of core memoryscatid peripheral circuits. Many
transistors are used in the peripheral circuit perate the programming or erasing
process of the core memory cell. Figure 5 showstlia) schematic cross-sectional
structure and (b) the circuit symbol of a Flash rogntore cell®® The core cell is similar
to the typical NMOSFET, but has an additional gaextrode called floating gate (FG).

The conventional FG is made of a continuous poliagr, which acts as a potential well
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to trap charges. As long as charges are trapptdsipotential well, they will not escape

without an external electric field. Therefore, theemory cell can be programmed
(trapping charges) or erased (detrapping chargespplying a positive or negative gate
bias, respectively, i.e., inducing carriers injecteom the substrate channel into the FG
or pushing them back to the channel. Both programgnand erasing operations will

result in tunnel currents through the insulatorTherefore, the insulator 1 is usually
called “tunnel oxide”. The insulator 2 is usualhinker than the insulator 1 to prevent
from the interactions between the FG and contr¢é;génus, the insulator 2 is usually

called “control oxide”.

(a) (b)
insulator 2
I insulator 1 I
MN-+drain ) \ N+source
P well

Figure 5. (a) Schematic cross-sectional structace(h) circuit symbol of Flash memory

core cell®®



15

1.2.2 Scaling of Flash Nonvolatile Memory

Although Flash memory that is consisted of a cardus poly-Si FG structure fits
most requirements of the modern nonvolatile menapplications, compared with the
volatile dynamic random access memory (DRAM), Flastmory still has drawbacks
such as a slower programming/erasing speed (1 @sf0vs. 50 ns/50 ns of DRAM)
and a higher programming/erasing voltage (18 V s/ of DRAM).>° Apparently,
further improvements are needed in order to achtaeefuture ultra-high density and
energy-saving nonvolatile memories. For this puepdse tunnel oxide thickness must be
scaled down. A recent study showed that the progmagierasing speed can achieve
~100 ns when the tunnel oxide Si@yer is thinned to about 2 nth.However, the
charge retention time drops to only seconds, whidikes it not applicable to the
nonvolatile memory applications. Therefore, therently commercial Flash memory cell
consists of a ~6-7 nm tunnel oxide $8nd a ~12 nm control oxide Si€ guarantee the
retention time > 10 yearéTable 3 shows the 2007 International TechnologydRtap
for Semiconductor (ITRS) report for Flash nonvétathemory (NAND structure} The
tunnel oxide thickness is projected to maintain ®AY before 2016, while it will need to

be scaled down to 4 nm afterwards.



Table 3. 2007 ITRS report for Flash (NAND Strucjurenvolatile memory?

16

Year of Production 2010 2011 (2012 (2013 (2014 2015
NAND Flash Technology (nm) |36 32 28 25 22 20
Tunnel Oxide Thickness {(nm) |6-7 6-7 6-7 6-7 6-7 6-7
Highest P/E Voltage (V) 15-17 |15-17 |15-17 |15-17 |15-17 |15-17
Endurance (P/E cycles) 10° 10° 10° 10° 10° 10°
Retention (years) 10-20 |10-20 |10-20 |10-20 |10-20 |10-20
Year of Production 2016 |2017 |2018 (2019 |2020 (2021
NAND Flash Technology {(nm) |19 18 16 14 13 11
Tunnel Oxide Thickness (nm) |4 4 4 4 4 4
Highest P/E Voltage (V) 15-17 |15-17 |15-17 | 15-17 |15-17 |15-17
Endurance (P/E cycles) 104 104 104 104 104 104
Retention (years) 5-10 |5-10 |5-10 |5-10 |5-10 |5-10




17

1.2.3 Nanocrystals Embedded FG Structure

Since the memory device’s charge retention perfoneaegrades with the tunnel
oxide thickness scaling down, replacing the coneeat poly-Si charge trapping layer
by a charge loss-immune FG structure is requiredhi® future Flash memory. Recently,
a novel FG structure composed of the discretelgeatsed silicon nanocrystals (nc-Si)
was proposed by Tiwari in 1996 to beat the tradbeffveen the tunnel oxide thickness
scaling down and the charge retention performahéégure 6 illustrates why the nc-Si
FG structure can alleviate the charge loss whenutmeel oxide is thinnetf. Figure 6(a)
shows that the conventional FG structure containsrdinuous poly-Si layer. Since the
poly-Si is conductive, the charges stored in theafémobile. If there is one defect chain
across the tunnel oxide, all stored charges wsllgdeak through the defect chain. This
is why the conventional FG structure needs to akpiahick tunnel oxide to prevent
from the charge leaking. In contrast, the nc-Sis separated from each other, and
discretely embedded in the insulating tunnel anatrob oxide, as shown in Fig. 6(b).
Therefore, the stored charges are immobile. Orgyctiarges stored in the nc-Si located
right above the defect chain will leak. Since tleeSa FG structure is more immune to the
defect chains in the tunnel oxide, the tunnel oX&yer could be thinned to achieve a fast
programming/erasing speed and a low power consom@s well as a long retention
time. Figure 6(c) shows the cross-sectional TEMwsieof the memory structure
presented in the Tiwari's study.The nc-Sis (indicated by circles) are separately
embedded in the tunnel and control oxide. Obvigudlye discretely-dispersed
distribution of the nc-Sis is demonstrated. The siznc-Si is varied from 2 nm to 10 nm

in diameter. Different Si orientations are alsoeslied. The spatial density of nc-Si is ~3-
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10x10 cm?.

Substrate Substrate

(€)

Figure 6. Schematic diagram illustrates how a defbain affects the charge loss in (a)
conventional FG structure and (b) nc-Si FG strueet(e) Cross-sectional TEM views of

the memory structure presented in the Tiwari's gfid*
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1.2.4 Nanocrystal Engineering

Either the conventional poly-Si FG Flash memoryher nc-Si FG Flash memory,
Si is selected as the charge storage medium dtedompatibility to the stand MOSFET
technology. However, the nc-Si memory will suffiee tdegraded retention characteristics
due to the quantum confinement effect (QCE) andaalomb blockade effect (CBES.

*® The two effects are briefly introduced as follows:
Quantum Confinement Effect (QCE)

QCE can be described as: when the size of Si ctortbe nanoscale, its band gap
becomes larger. This implies that the energy baifgktof the nc-Si/tunnel oxide is
lower than that of the bulk-Si/tunnel oxide, aswhoin Fig. 7(a). The shift of the
conduction band edge due to QCE, M, = E; (nc-Si) - E (bulk Si), is given as’

1.39

E.(dg)—-E () =
(ds) = Ecl) d,?+1.788d, + 0.668

(ev) [4]

where E (ds) is the conduction band edge of the nc-Si(-f) is the conduction band
edge of the bulk Si, and;ds the nc-Si size in diameter. From Eq. 4, thedcmtion band
edge of a 5 nm nc-Si is higher than that of a t&ilky 0.04 V, i.e., about 3.57 % increase.
Coulomb Blockade Effect (CBE)

CBE can be described as: when an electron is tdhppea nanocrystal, its

electrostatic potential will be increased Byar® as shown in Fig. 7(b), i.e.,
q2

where q is the electron charge, C is the self depase of the nanocrystal and equals to
2ned (whereg is the dielectric constant of the tunnel oxided a@nis the nanocrystal size

in diameter). For an electron trapped in a 5 nnSndhe increased electrostatic potential
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energy is about 0.074 eV.Therefore, after charges are first trapped innti, other

charges are more difficult to be subsequently te¢hrough the tunnel oxide due to the
deduced electric field across the layer. In consege, the number of the stored charges
in the nc-Si is limited. The density of the storedarges (Q) can be estimated by
measuring the threshold voltage shif/¢) of the memory device, then calculated from

the below equation’

Avt = &(tcon+M
2¢ g

tun

) [6]

where {on is the thickness of the control oxidg;is the dielectric constant of the nc-Si; d
is the nc-Si size in diameter, ang, is the dielectric constant of the tunnel oxide. In
addition, as the nc-Si's electrostatic potentiaréases, the energy barrier of the nc-
Si/tunnel oxide becomes lower. This will also résii the degraded retention

performance.

(a) QCE

E.(dg) of nc-Si
E(0) of bulk-Si tunnel p-type Si wafer
. |oxide
ne-Si
(b) CBE
d - TR
[
o |
AE=qg?/C

Figure 7. lllustrations of (a) QCE and (b) CBE.
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Due to QCE and CBE, the stored charge in the rftaSia high potential energy,
therefore, will tunnel back to Si substrate eagiiye solution to overcome this challenge
is to replace the nc-Si by another nanocrystal natthat has a higher work function.
This is because using high work function (usuall$.5 eV) nanocrystals as the charge
storage medium can create a deep potential wellbédter retention performance.
Recently, metal nanocrystals have attracted aflattention for this purpose due to their
wide range of available high work functions. In gigeh, metal nanocrystals have other
advantages over the nc-Si such as smaller energyripation, stronger coupling with the
conduction channel, and higher density of statesirat the Fermi level, which may
increase the charge store denfitiany metal nanocrystals, e.g., Ag, Pt, Au, Co,\Wj,
Mo, Ru, etc., have been demonstrated that can Ibeduhed into the gate dielectric for
memory application8:®® However, in this dissertation, conductive oxidetenials, i.e.,
ruthenium oxide (RuO), indium tin oxide (ITO), amithc oxide (ZnO), rather than metals
are selected for serving as charge trapping mediums. is because nc-conductive oxide
materials may offer advantages of both metals andnductors due to their high work
functions and large band ga}g! For example, they can provide a large densityaits
around the Fermi level (similar to met&l)meanwhile allow mid-gap trap states for a

high capacity and deep charge trapping (similaetmiconductory?

1.2.5 Tunnel Oxide Engineering
Although the memory device’s charge retention pennce is promised to be
improved by using a high work function nanocrystalthe charge storage medium, this

kind of memory device still suffers the high prograing power consumption and the
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slow programming speed due to the large tunneleostiickness. Therefore, the tunnel
oxide layer still has to be scaled down in orderathieve the extreme goal of the
nanocrystal Flash memory, e.g., as fast programmjpegd as DRAM, a long retention
time > 10 years, and an ultra-high integrated dgn$tis reminds nanocrystal memory
researchers of the similar progress history of M@SFET technology, i.e., finding a
proper high-k gate dielectric to replace the comeaal thermally-grown Si@ tunnel
oxide. In 2003, Leet al. first presentedhe nc-Si Flash memory that employs Hf&s
the tunnel and control oxide lay€rsFigure 8 shows that, based on the same EOT of 1.6
nm, HfO, has a much larger physical thickness of 4.5 nmgchvkfficiently inhibits the
stored charge loss through the direct tunnelingoefback to the Si substrdfeln
addition, the programming voltage and speed canlé® improved because thrergy
barrier of the Si/Hf@ is much smaller than that of the Si/giQe., 1.5 eV vs. 3.5 eV.
The low energy barrier favors the electron injattiand therefore, improves the
programming efficiency and power consumption. lis tthissertation, the ZrHfO film is
exploited as the tunnel and control oxide layerg do its excellent gate dielectric

properties.
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Figure 8. Energy band diagram of Si/Hf(eft) and Si/SiQ (right) during programming
and retention conditions. Both Hf@nd SiQ tunnel oxides have the same EOT of 1.6

nm.”

1.2.6 Fabrication of Nanocrystals Embedded FG 8irac

The preparation of the nanocrystals embedded FGctate depends on the
nanocrystals’ intrinsic properties and their inderél properties with the surrounding
oxides. For example, the surface energy differelbemveen the nanocrystal and the
surrounding oxide will play a big role in the nangstal layer formation mechanisffi’>
Moreover, the fabrication process must be compatitd the standard MOSFET

technology. Several methods such as the chemigarvadeposition (CVDJ>"%77

on
beam synthesis (IBS;2°and thin film self-assembly proces€>have been proposed to
prepare the discretely-dispersed nanocrystals eddoeth the gate dielectric stack. For
the CVD method, the evolution of the nanocrystatsity and size goes through four

stages, as shown in Fig. 9f4)n the incubation stage, only a little amountsha nuclei

are formed, and then nanocrystal density increagds the deposition time in the
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nucleation stage. Later, in the growth stage, theonrystals grow with the deposition
time but remain the similar density. In the finaltescence stage, the nanocrystals start
to merge, which increases the nanocrystal sizeldwrs the density. Apparently, the
growth stage is desired for preparing the high ierdiscrete nanocrystals. However,
this process window can be easily narrowed by #osition conditions, which limits
the successful formation of the discrete nanoclys@n the other hand, the IBS method
consists of two steps to fabricate nanocrystaés, a low energy (~30-150 keV) ion
implantation and a subsequent thermal annealitigeahigh temperature (~950-10%0)

for 30-60 min, as shown in Fig. 9(8)By adjusting the implant does and the accelerating
voltage, the desired concentration profile can lb@ioed. However, the IBS method still
lacks of the controllability of the size and splat#stribution of the nanocrystals in the
gate dielectri® Compared with the CVD and IBS methods, the tHim Belf-assembly
process is more popular due to its easy operakmure 9(c) illustrates how the self-
assembly process worR8At first, a 2-5 nm thick film is deposited on theinel oxide.
The as-deposited film naturally contains the thedsperturbation and internal stress due
to its ultra-thin layer structure. Then a heat timent (usually > 700C) is needed to
drive the nanocrystal formation along the initidtlyilt perturbation in the film. This self-
assembly process is contributed by the drivingdsye.g., stress relaxation and surface
energy minimization. In addition, the repulsionderand the dispersion force created
after the formation of nanocrystals further stagilithe discrete structure. In this
dissertation, the nc-RuO, -ITO, and -ZnO embeddddf@ gate stack are fabricated
based on the concept of the thin film self-assenpibbcess. The thin nanocrystal layer

will be deposited by the sputtering technique antgjexted to a rapid thermal process.
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1.3 Outline of the Dissertation

Chapter 1l focuses on the experimental method&etilin this dissertation. Their
corresponding background knowledge and the relagaipment operations will be
described. At first, the process flow of fabricagtitne high-k ZrHfO MOS capacitor will
be described in detail. Then, the fundamental backgl of the radio frequency (RF)
magnetron sputtering technique will be reviewedcsimll the high-k films and the
nanocrystal layers are deposited by this metho@ ihktruments and the background
knowledge of the material characterizations, @gfilometer, XRD, XPS, and HRTEM
will be introduced. The electrical characterizasiaf the high-k MOS capacitor, such as
the system setup, C-V, NCSU CVC, and J-V measuremethodologies, will be also
discussed in this chapter.

Chapter Ill focuses on the Ru modification effeatsthe material and electrical
properties of the ZrHfO MOS capacitor. After inclig a small amount of Ru
nanoparticles into the high-k stack, the capast®&OT (measured at 100 kHz) can be
significantly decreased from 1.88 nm to 1.43 nmjlevthe bulk high-k film becomes
thicker, i.e., from 3 nm to 6.5 nm. The Ru modifica effects are further investigated by
TEM, XPS, G-V, C-V, and J-V measurements. The teadliscussions on the current
transport mechanisms and the reliability perforneandl be also presented.

Chapter IV focuses on the nanocrystalline RuO (n©&Rembedded ZrHfO high-
k gate dielectric stack for the nonvolatile memapyplications. The detailed material and
electrical investigations of this kind of memorywae will be presented. The discrete nc-
RuO shows significant charge trapping capabilitihe Tinterface formation at the nc-

RuO/surrounding ZrHfO contact region has been cod@d by the XPS analysis.
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Charges can be deeply trapped at the bulk nc-Rt&3 sr loosely trapped at the nc-
RuO/ZrHfO interface. The device can sustain theylerm data storage capability, i.e.,
retention time > 10 years. The nc-RuO embedded ZrMfQE capacitor is a promising
memory device for the future nonvolatile memorylaggions.

Chapter V focuses on the fabrication and investgabf the single and dual nc-
ITO and nc-ZnO layers embedded ZrHfO MOS capaditor further improving the
nonvolatile memory performance. The memory capegitbave been successfully
fabricated by the one-pump-down sputtering depmsifirocess followed with a high
temperature rapid thermal annealing. The vertiephgation of two discrete nanocrystal
layers has been obtained. The improved memory ctaistics, e.g., in terms of the
charge trapping density, charge trapping capacitiiarge retaining capability,
programming efficiency, and retention time, haverbachieved by using the dual-layer
embedded structure. The comparisons of the menumigtibns among capacitors, which
separately contain the embedded nc-RuO, nc-ITO, remdnO, will be discussed in
views of the bulk and interfacial material propesti

Chapter VI summarizes all studies in this dissemaand draws conclusions.
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CHAPTER Il

EXPERIMENTAL

2.1 Introduction

This chapter focuses on the experimental methatzeat in this dissertation. In
the first part, the process flow of fabricating tiigh-k MOS capacitor will be described
in detail. From the Si wafer clean to the gate tetele pattern lithography, the
experiment conditions of each step will be discdssPlus, the process-related
equipments, e.g., the systems of the load-lock samngnsferring, sputtering, and rapid
thermal annealing (RTA), will be also introduced.ofdover, the RF magnetron
sputtering technique will be reviewed since all thgh-k films and nanocrystal layers
will be prepared by this kind of thin film deposii method. In the second part, the
background knowledge of the material characteopatnethods, e.g., profilometer, X-ray
diffraction (XRD), X-ray photoelectron spectroscofXPS), and high-resolution
transmission electron microscope (HRTEM), will viewed. In the third part, the
electrical characterizations of the high-k MOS aajoas, e.g., high frequency
capacitance-voltage (C-V) curve, current densitjage (J-V) curve, measurement

methodologies, and system setup, will be discuasasell.

2.2 Process Flow of MOS Capacitor Fabrication agdifgment Setup
Figure 10 shows the process flow chart of fabngaa high-k MOS capacitor. In
this dissertation, all the MOS capacitors will babricated on the (100) p-type Si

substrate (resistivity 11-2@-cm, doping concentration at *0cm?® supplied from



MEMC). The sample size is about 1 inchx1 inch.
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Figure 10. Process flow chart of high-k MOS capadébrication.
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2.2.1 Si Wafer Clean and Load-Lock Sample Tranisfgrgystem

The bare Si substrate was cleaned by a dilute Aydrac acid (DHF, 2 %)
solution for 5 min to remove the native oxide fodret the Si surface. The Si surface
became hydrophobic after the native oxide was re&adowhen, the sample was fully
rinsed by dipping in the deionized water (DI, résity > 18 MQ-cm) for 5 min. After
drying with the N blow gun, the sample was immediately loaded im® lbad-lock
chamber, which was subsequently pumped down totdlfBuTorr by the combination of
the mechanical pump (Edwards, E2M8) and turbo pufieiffer, TPU 170). This
pumping process took only about 20 min due to daldlock chamber’'s small volume
(15 L). Then, the sample was transferred into thetering chamber that was already in
the high vacuum environment, i.e., <®Torr. After the thin film deposition process, the
sample was unloaded from the sputtering chambeahdoload-lock chamber without
breaking the high vacuum environment in the forn®@émce pumping down the sputtering
chamber usually takes a long time to achieve tigh kiacuum, i.e., > 4 hrs, due to its
large volume (65 L), using the load-lock samplasfarring system can greatly increase
the production of the thin film deposition proceds. addition, the water vapor
contamination in the sputtering chamber can bevialied due to the decreased frequency

of exposing the sputtering chamber to the air.

2.2.2 Thin Film Deposition by RF Sputtering
In this dissertation, all the thin film depositigprocesses, including the high-k
gate dielectric, nanocrystal layer, gate electraahel bottom contact, were carried out by

the magnetron radio frequency (RF, 13.56MHz) spuigemachine. Figure 11 shows its
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schematic diagram. The sputtering chamber is médbeostainless steel, and vacuum
sealed with the fluoroelastomers (Viton) o-ringgd asopper (Cu) gaskets. Before the
deposition process, the chamber was pumped dowietdigh vacuum condition, i.e.,
background pressure < $orr, by the combination of the mechanical pumpcétel,
2063 CP1) and turbo pump (Leybold, Turbovac 36®e Sputtering system has three
guns (i.e., three targets) available for the catsping deposition process at the same
time. Each gun is equipped with a permanent NdFel§mat to magnetron control the
plasma, and with a shutter to mechanically stast/sff the deposition process. In
addition, both the turbo pump and sputtering gunveaiter cooled by the cycling chiller
system (Neslab, CFT-33). The sample holder camadteated but can rotate at the speed
of 15 RPM for better deposition uniformity. Thetdisce between the sputtering gun and
sample holder was about 15 cm. A RF generator amghihing network (box) are
needed to carry out the sputtering process. Thyetasize is 2”7 in diameter and 0.25”
thick. Benefitted from the RF power, various targptions can be used in this sputtering
system, i.e., from the conductive to insulating enats. The gas feedthrough consists of
argon (Ar, 99.999 %, research grade), oxyges 69.993 %), and nitrogen §N99.999
%) gases. Ar has its own mass flow controller (MR@hile G, and N share the same
MFC. Therefore, the deposition ambient can be aeljLiso three options, i.e., pure Ar,

mixed Ar/QG,, and mixed Ar/N.
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In this dissertation, the sputtering power waste&0-100 W. This is because the
high power process may cause the strong ion bomizarteffect to damage the sample
surface® while the low power process may decrease the dteposate and degrade the
film quality due to the low energized sputterednato The working pressure during the
sputtering process was 5 or 10 mTorr. For exanpéeZrHfO high-k gate dielectric film
was reactively sputtered from a Hf/Zr (88/12 in 4) composite target (99.8 %) at 5
mTorr in a Ar/Q (1/1) mixed ambient (total flow rate of 40 sccniowever, the
nanocrystal ZnO layer was reactively sputtered feo@n target (99.99 %) at 10 mTorr,
but in the same gas ambient condition. In additible, Ru and ITO layers were also
sputter deposited at 5 mTorr in pure Ar ambientmfrRu (99.95 %) and ITO targets
(99.99 %), respectively. Plus, a pre-sputteringp st&s required to clean the target

surface before the deposition. This step can be @oth the pure Ar plasma for 15 min.

2.2.3 Post Deposition Annealing by Rapid ThermalkcBss

After depositing the gate dielectric film on the Bafer, a post deposition
annealing (PDA) process was carried out with tipgdréhermal annealing (RTA) method
to densify the as-deposited film and to removed#iects. Figure 12 shows the schematic
diagram of the RTA system (Modular, RTP 60#5The sample was placed on the Si
wafer holder and heated in the quartz tube. Thgstem-halogen lamps combined with
the closed-loop temperature control system andviiter cooled assembly can provide a
rapid heating and cooling speed. In addition, #mmperature profile of the annealing
process can be precisely controlled by this RTAesys Therefore, compared with the

traditional furnace annealing, RTA process canttyéawer down the thermal budget.
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Figure 12. Schematic diagram of RTA system. (ARef. 87)
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The RTA chamber was not vacuumed during the anmgalrocess, however, a
large gas flow, i.e., > 5 SLPM, and a strong gasaaghdesign can guarantee the purity
of the annealing ambient. Three kinds of gases weesl in the RTA system, i.e.pN
(99.999 %), @(99.993 %), and forming gas M, : 1/9). Q has its own MFC, while N
and forming gas share the same MFC. Therefore,ntheed N/O, ambient is also
available. In this dissertation, the as-depositgth-+ films and nanocrystsal layers were
annealed at 80 to 1000°C for 10 s to 1 min in the pure,Mr mixed N/O, ambient
depending on the process requirements. The hespieed was set to 80/s to reach the

desired steady-state temperature.

2.2.4 Depositions of Gate Electrode and Backsidet&

After the PDA process, the gate electrode layer aegmsited on the high-k gate
dielectric stack in order to fabricate the MOS aajma. For the study of the Ru-modified
ZrHfO high-k MOS capacitor related to the low EQdphacation, titanium nitride (TiN)
was employed as the gate electrode due to itslertéhterfacial properties with respect
to HfO,, which has been reported in the literatdfes. Figure 13 shows the cross-
sectional TEM view of the TiN/ZrHfO/Si high-k gatsielectric stack. Apparently, no
interface layer was formed between the TiN and BDrHayers. The TiN film was
reactively sputtered from a Ti target (99.995 %)bamnTorr in a Ar/N (50/1) mixed
ambient. Then, a post metal deposition annealindAR i.e., at 350°C for 5 min in
forming gas, was performed by RTA to further remthe defects in the bulk TiN film or

at the TiN/ZrHfO interface.



No interface layer
formed at TIN/ZrHfO

Figure 13. Cross-sectional TEM view of TiN/ZrHfOMgh-k gate stack.
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Consecutively, a 150 nm thick aluminum (Al) layeasvdeposited on the
backside of the Si wafer for better contact. Thekbamle of the Si wafer was pre-
scratched for removing the grown oxide, and thelovied by the Al deposition
sputtered from a Al target (99.999 %) at 5 mTorpume Ar ambient. On the other hand,
for the study of the nanocrystals embedded MOS aarelated to the nonvolatile
memory applications, a 120 nm thick Al layer wapaigted as the gate electrode due to

its well-developed deposition and lithography psess.

2.2.5 Patterning Gate Electrode by Lithography Bsec

In order to fabricate numbers of MOS capacitors tbe same Si wafer, a
lithography process was carried out to pattern ghte electrode layer. At first, the
positive photo resist (AZ Electronics, AZ 5214-Eixtare of acetate, resin, and esters)
was spin coated on the top of the gate electrodébankside of the Al contact. Figure 14
illustrates the spin coating procéSswhich includes the dispensation, accelerating,
outflow (maximum spin speed), and evaporation st&€ps maximum spin speed of the
spin coater (Chemat Technology, KW-4A) was set @M RPM, which deposited an
around 1.6 um thick photo resist. The sample was subjected to a soft baking process

done with a hot plate at 90C for 1 min to drive away the solvent and enharte t

adhesion. Later, the sample was loaded to the coalagner (Quintel, Q4000), and
directly covered with a patterned quartz mask lier ¥V exposure, i.e., in contact mode.
The exposure process took 20 s under the UV poemesity of 10 mW/crh Then, the

exposed pattern was developed in the solutiondbiatiains 2 parts of the developer (AZ

Electronics, MIF 300) and 1 part of the DI. The M3BO developer was composed of
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tetramethylammonium hydroxide, which dissolved th&-exposed photo resist. The
develop process took a shot time, e.g., ~3 miniefbee, the pattern distortion was

minimized. The sample was further heated agairhendven at 125C for 5 min to

solidify the photo resist, i.e., hard baking prae3he gate electrode layer was
subsequently patterned by etching areas that wareavered with the hard-baked photo
resist. For the TiN gate, the etching solution cstesl of NHOH: H,O,: H,O (1:1:5). For
the Al gate, the etching solution consisted gP&, : HNO; : CH;COOH : HO (16 : 1 :

1: 2). The etching time depended on the layekttess. In this dissertation, the averaged
etching rate of the TIN gate and Al gate was abbbitnm/min and 200 nm/min,

respectively.
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Figure 14. lllustration of spin coating processftéA Ref. 90)
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After successfully defining the gate electrode gratt the photo resist remover
(AZ Electronics, 300T Stripper, mixture of propaméd methylpyrrolidone, and
tetramethylammonium hydroxide) was used to remdwe residual hard-baked photo
resist. Since the AZ 5214-E is a positive photastethe lithography process can directly
transfer the mask’s pattern to the gate electrdtigure 15 illustrates this pattern
transferring process. Finally, the complete MOS capacitor was subjedeca RTA
process again at 250 °C or 300 °C for 5 min in fagrgas. Under this annealing process,
not only the H atom (from the JHambient) can passivate the remaining interface
defects® but also the Al atom (from the bottom Al layernadiffuse into the Si wafer to

form the backside ohmic contatt.

[ —
~ Madk
R > E - E
" B
| High-k gate stack

’ ;—:' ~ Mask (gimss) ! (= m——— ;

s ' - |_| Gate electrode layer

| | Positive photo resist
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Figure 15. lllustration of pattern transferring pess. (After Ref. 13)
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2.3 RF Magnetron Sputtering Technology for ThimFDeposition

In this dissertation, all the high-k films, TiN anéll gate electrodes, and
nanocrystalline RuO, ITO and ZnO layers were pregpdry the RF magnetron sputtering
method. Compared with the direct current (DC) sgutg that can be only applied to the
conductive targets, RF sputtering is more wideljized to deposit various kinds of
materials. For example, even though the target maais insulating, the charge build up
phenomenon (on the target) would be minimized bggian RF alternating power. In
addition, the ionization effect in the plasma wobkl greatly enhanced due to the rapid
change in the electric field. Since the mass oélantron is about three orders lower than
that of an ionunder the RF condition, the electrons can respasthmtaneously to the
rapidly changing electric field, while the ionizeghs cations (e.g., Ar are inertial.
Therefore, the entire energy distribution of thecelons can be increased through the
oscillation collisions, which further efficientlyrpduces more Arions. In addition, there

is an automatically formed negative bias drop oe thathode (target). The ion

bombardment effect between the®Aon and target can be pronounced. Consequently,
the enhanced ionization effect increases the faéifygibf RF sputtering at a low working
pressure (e.g., < 10 m Torr), which improves thattgping efficiency because the
sputtered target atoms can reach to the samplacewiithout being scattered.

Figure 16(a) shows the schematic configurationthef RF sputtering system

utilized in this dissertationA matching box (L-type) that connects the RF getogrand

chamber is needed to fix the impedance mismatchngnloee RF generator, sputtering

gun, and chamber, to reduce the power loss, i&kjmg reflected power < 3 W.
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The matching box is consisted of two adjustableacdprs, i.e., load capacitor
(Cap. 1, 1000 pf in maximum) and tune capacitomp(CGa 500 pf in maximum), and one
fixed inductor. By adjusting the load/tune capawts the impedance of the whole

system can be matched to a certain value, e.¢f) 5 most common RF generators. In

addition, for the RF sputtering system, the geoimslystem design is also very important.
Since the capacitive potential of the powered &ddifferent from that of the grounded
area, the potential drop near the target (cathettengly depends on its area. This
relationship can be expressed by the following &#qna

el 7]
where V1 & Al are the potential drop & area of #Hlectrode 1, and V2 & A2 are the
potential drop & area of the electrode 2, respetyivThe N value is equal to 4 for the

ideal RF sputtering system, while it is usually aiba to 2 for the practical system.

Equation 7 indicates that for a RF sputtering systthe powered area (Al) must be
smaller than the grounded area (A2), as showngnld(a), to increase the potential drop
on the target and simultaneously minimize the ptededrop on the substrate. Under such
design, the ion bombardment effect between thestaagd Af can be greatly enhanced
to increase the sputtering efficiency, while thestate (sample) would not be seriously
damaged. On the other hand, the RF sputteringraystidized in this dissertation is also
featured with the circularly-arranged magnetrontemnability. A set of magnets are
placed around the cathode area (i.e., behind tiget)ato provide the magnetic filed (B)
perpendicular to the electric filed (E). Under tkisd of field configuration, the electron

movement would be confined into theHE direction, and its movement path changes



43

from a linear to a spiral style. Therefore, the me&tgon control confines the plasma
above the target in annular rings, which enhanzeizing Ar atoms and in consequence,
increases the sputtering efficiency. The concepthef magnetron control sputtering is

illustrated in Fig. 16(b).

2.4 Material Properties Characterization
Material properties of the bulk high-k films andtarface layers in the

nanocrystals embedded high-k gate dielectric staete investigated thoroughly in this
dissertation. In addition, the profilometer (Vee8®ktak stylus) technique, which was
used to measure the thickness and the area ofateeelectrode pattern, will be also
introduced. For precisely extracting the electrichhracteristics of the MOS capacitor,
the device’s gate area is critical and needs tméasured carefully. X-ray diffractometry
(XRD, Bruker, D8-Focus) was utilized to detect tngstalline structure of the bulk high-
k films and nanocrystal layers. X-ray photoelectspectroscopy (XPS, Kratos) was used
to analysis the chemical bonding structures ofebsential elements in the bulk high-k
films and in the interface layers. High-resolutitnansmission electron microscope
(HRTEM, JEOL, JEM-2010) was utilized to investigéte subtle material properties in
the nanoscale, i.e., ultra-thin film thickness dmieation, interface layer formation, and
discrete nanocrystals identification. Moreover, émergy dispersive spectroscopy (EDS,
Oxford Instrument) and select area diffraction (SADethods associated in the same
TEM instrument were utilized to study the chemicainponent and crystalline structure
of the specific layer. The background knowledgeath material characterization will be

also introduced in this section.
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2.4.1 Profilometer
The vertical profile of a sample surface can b¢aioled by the profilometer

technique that utilizes a diamond stylus to horiatiy scan the sample surface. From the
vertical profile, the thickness and diameter of ¢ja¢e electrode pattern can be precisely
determined. During the horizontal scan, the styhas kept distant to the sample surface
by a contact force. This force is in the micron t@w(mN) range and can be maintained
as constant due to the cantilever system operatintpe spring mechanic principle. The
resolution in the horizontal direction is governey the scan speed and stylus radius,
while that in the vertical direction is governedthg stylus radius and cantilever system.

The profilometer utilized in this dissertation teastylus radius of 52 m and a resolution

of 1 nm.

2.4.2 X-Ray Diffractometry (XRD)

The crystalline structure information of the higliikns and nanocrystal layers,
such as the structure phase, preferred orientatrgstallinity, and grain size in average,
can be obtained by using XRD analysis. For thekigjate dielectric study, XRD can be
also used to determine the onset of the high-k’dilamorphous-to-crystalline transit
temperature. The XRD instrument utilized in thissdirtation adopts the monochromatic

Cu Ka X-ray (.= 1.5418 A). Figure 17 illustrates the XRD analysisfter the Cu ki X-
ray impinges the sample with an incident anghe),(the x-ray can be reflected by the

crystalline planes. The reflected X-rays from tia® tconsecutively parallel crystalline
planes can form the constructive or destructiverfatence. Only the former can be

detected by the scintillation detector, which refiea XRD peak in the XRD pattern.
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Judged from the XRD pattern and referred XRD peakbe Joint Committee on Powder
Diffraction Standards (JCPDS) database, the samglg/stalline structure, phase, and
orientation can be determined. The condition tonfdhe constructive interference must
meet the Bragg'’s law, i.e.,
2dsin@ =na [8]

where d is the spacing between the two consecutpaallel crystalline planes, n is an
integer, and. is the wavelength of the CukX-ray (1.5418 A). In addition, the averaged
grain size (thickness) of each orientated graigstatlite) in the polycrystalline sample
can be also calculated from the XRD peak’s locatiod full width at half maximum

(FWHM) by the Scherrer equation,e.,

092
B cos @

[9]

where t is the averaged grain sizel1.5418 A, & corresponds to the half of the peak

location (20 ), and B is the peak’s FWHM in radiant unit.

Cu Ka X-ray, A = 1.5418 A
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Figure 17. lllustration of XRD analysis. (After R&6)
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2.4.3 X-Ray Photoelectron Spectroscopy (XPS)
The chemical bonding structures of the bulk higfilrks, nanocrystal layers, and
Si/ZrHfO interface layers were investigated by KBS analysis in this dissertation.

Figure 18 illustrates the principle of the XPS gs@." When the incoming

monochromatic Al X-ray (i, 1486.6 eV) impinges the sample, the core levattedns
can absorb the X-ray energy and then emit out@stmple. The emitted electron is also
called photoelectron, which has a kinetic energl)(Kherefore, the bind energy (BE) of
the core level electron can be estimated from ¢Heviing equation:

BE =hv-KE —¢ [10]
where hy is the X-ray energy (Al K, 1486.6 eV), and) is the work function of the

spectrometer, which is usually in the range of 84 KE of the emitted photoelectron
can be detected by the analyzer. Since the diffdpending states of the core level
electrons correspond to the different binding ersighe chemical bonding states of an
element can be determined by comparing the binelireggy shift. Therefore, the element
either in the neutral molecular state or in the rgad compound state can be
distinguished. However, XPS technique still has sarawbacks, e.g., the relatively big
X-ray spot (i.e., poor spatial resolution ~1 %mand low detection sensitivity (atomic
concentration limitation > 0.5 %). In addition, dteethe short mean free path of the
emitted electron, XPS technique only can provide themical information at near
surface region, i.e., about 10 nm depth. Moreower,charge accumulation effect should
be taken into account because in this dissertatrany investigated thin films are not
conductive. Therefore, the detected XPS spectrusdsiealibration to truly represent the

chemical bonding information. The carbon (G)pkak at 284. 8 eV, which is related to
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the common environmental contamination, is usuafigd as the calibration reference.
Also, the referenced peak can be thefgp@ak at 99.3 eV, which is related to the bottom
Si wafer. On the other hand, the peak deconvoluisonisually required to separate
several similar bonding states that generally hpgaks close to each other. In this
dissertation, XPS peak4l software was used to catryhe peak deconvolution process
based on the Shirley/linear background adjustind) @aussian/Lorentzian functions. In
addition, for a dielectric material, its XPS @ é&nergy loss spectrum can be used to

extract the band gapThe energy band gap of the high-k ZrHfO film ang-fRodified

ZrHfO film were determined by this method, whicHlMeie shown in Chapter IlI.
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Figure 18. lllustration of XPS analysis. (After R88)
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2.4.4 High-Resolution Transmission Electron Micaze (HRTEM)

In this dissertation, HRTEM technique was utilizex characterize the subtle
material properties of the bulk high-k films, SO interface layers, and embedded
nanocrystal layers. Since all above layers in igh-k gate dielectric stack are ultra-thin,
i.e., < 10 nm, it is critical to investigate eaclydathickness and to identify the discrete
nanocrystals embedded in the bulk ZrHfO film.

Figure 19 shows the schematic diagram of the HRByMem (JEOL, JEM 2010)

utilized in this dissertatiol{. Electrons are generated from the lanthanum heidgbor

(LaBg) filament by the thermo-ionic emission mechanisilen, the electrons are
accelerated by a 200 kV voltage, which producesrg ghort wavelength, i.e., ~ 0.006
nm. The specific ~ 0.23 nm point resolution canaohieved in the JEM 2010. The
accelerated electrons are focused on the sampthebtwo condenser lens. Due to the
very thin sample thickness, e.g., < 50 nm, the &lastcan transmit through the sample
to form the diffraction pattern on the back fockne. Since the diffraction phenomenon
is strongly affected by the sample’s crystallinaretteristics, the select area diffraction
(SAD) pattern can be used to investigate the strattnformation. By the projector lens,
the magnified TEM image can be projected on theggnalane based on the transmission
electrons. This kind of imaging mode is called ¢ghti-field” due to the high energy
nature of the transmitted electrons. On the otlardhthe image formed based on the
scattered electrons is called “dark-field” due be telative low energy of the scatter
electrons. The image contrast is contributed by ynparameters, such as the mass

contrast, thickness contrast, diffraction contrast] phase contraStin this dissertation,

all TEM micrographs were recorded with the brigletd imaging mode. In addition, the
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energy dispersive spectroscopy (EDS) associatélieisame TEM instrument, i.e., from
the same electron beam, was utilized to study ¢tmeponent information of the specific

layer in the high-k gate dielectric stack.
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Figure 19. Schematic diagram of TEM. (After RefOL0
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2.5 Electrical Properties Characterization

Electrical characterizations of the Ru-modified anednocrystals embedded
ZrHfO high-k MOS capacitors, e.g., high frequenépq kHz to 1 MHz) capacitance-
voltage (C-V) and current density-voltage (J-V) swa&ments, were performed to
investigate the gate dielectric properties and ntatile memory functions. Since the size

of the capacitor is very small, i.e., in the rarge4.91x10° cn? to 7.8%10° cn?, the

measured electrical signals can be very weak. ¥ample, the measured capacitance can
be as small as 18 F, and the current density can be as small @sA6m?. Therefore,
the entire measurement process should be carriedeoy carefully, and be insulated

from the outside environment disturbance, suchgass, noises, heats, and vibrations.

2.5.1 Electrical Characterization System Setup
Figure 20 shows the entire electrical charactaomatsystem setup in this

dissertation. The measurement was performed oprtee station (Signhatone, S-1160) in
the grounded Al box. All the Al box’s surfaces ganted to flat black in order to avoid
any light radiation. The sample was placed on tld glloy-plated chunk, which can be
vacuumed for preventing from the sample shock dutire measurement, and be heated
for the temperature-dependent electrical charae®ons. In addition, the chunk was
used to receive the measured signals from the lukckd the Si substrate, therefore, it
should be electrically floated to prevent from @iy signals to the ground. The

measurement probe tip is made of tungsten, and kbameter of 1z m. High frequency

C-V and J-V curves were measured with the Agil&284A LCR meter and the Agilent

4155C semiconductor parameter analyzer, respegtiVek triaxial cables (for C-V) and
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biaxial cables (for J-V) were used to connect theasurement instrument and probe
station in a way of minimized electrical interfecenand signal loss. The National
Instruments Labview 7 program was used to contnel whole measurement process

through the GPIB interface.

Agilent 4284A Or Agilent 4155C_ _ _ |
c-v -V =

L L
GPIB|interface

&Y || Labview 7
~v! || program

PC

Pump to vacuum

Figure 20. Schematic diagram of electrical charaagon system setup.

2.5.2 High Frequency C-V Curve Measurement

The high frequency C-V curves of the ZrHfO high-kO® capacitors were
characterized in this dissertation. Many critidaic&rical properties of the device, such as
EOT, flat band voltage (\), density of the fixed charges, interface statesl mobile

ions, can be extracted from the high frequency @fve!” Also, the inversion

capacitance can reflect the doping concentratiothée Si wafer. Moreover, from the

frequency-dependent (100 kHz to 1 MHz) C-V measer@s) the defects either in the
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bulk high-k film or at the corresponding interfaceen be determined. The principle of
the C-V measurement is to use a linear DC bias singjhe desired gate voltage range,
and simultaneously a high frequency small (0.25s\usoidal AC voltage signal is

superimposed to extract the differential capaceai) and the conductance (G). C’ and

G can be expressed as Eqs. 11 and 12, respectively.

c-d [11]
Y,
dl

G=— [12]

Usually, the CPG mode, i.e., C and G are parallelach other in the G-C circuit,
is selected to perform the high frequency C-V measent. By measuring the
impedance of the parallel G-C circuit, i.e., ratfathe output AC current to the input AC

voltage, the capacitors G and C values can beimddaat the same timé&.The
impedance (Z) of the G-C circuit can be expressed a

7 _ G B joC
G?+(wC)®> G?+(wC)?

[13]

where @ is the angular frequency, i.e.z2, and f is the frequency of the superimposed

AC voltage signal. Another important concern toreotly measure the C-V curve is how
to minimize the series resistance that unavoidakigts in the measurement system. The
series resistance is contributed by many cause$) as the poor contact at the gate
electrode/probe tip or at the Si substrate/chucke o the series resistance, the AC
voltage signal may suffer energy loss, which consetly deteriorates the accuracy of

the C-V measuremenit.In order to minimize the series resistance, exgdpisically

improving the good electrical contacts, the segacatrrection processes in the “open”
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mode (i.e., no contact between the probe tip amehkchand in the “short” mode (i.e., the

probe tip and chunk contact each other) were deeefd On the other hand, since the

high-k film can be very thin, i.e., < 3 nm, for tleav EOT study, the conventional C-V
measurement method should be modified to fix tseas contributed by the high gate

leakage current. Plus, the carrier confinement (quantum mechanieficts on the Si

wafer surface should be also considered. FiguresiZdws the two major quantum
mechanical effect$: (a) the confined surface carriers in the localigadrgy levels above
the conduction band edge may cause an additiomad banding, i.e.Ag, and (b) the
charge centroid may shift into the Si wafer furthem the surface than the conventional
theory predicts, i.eAZ. In consequence, a depletion region may be foratdélde Si/gate

dielectric interface to result in the decreasehefmeasured capacitariCe.

(b) _
h conventional
A
% AZ
O
5 )
s O =
& Quantum
mechanical
! —
Gate Si Z Gate Si Z
dielectrict wafer : > 2 dielectrict wafer
Depth into Si wafer Depth into Si wafer

Figure 21. Quantum mechanical effects occur at &ewlgate dielectric interface: (a)

band bending\e and (b) charge centroid shifZ. (After Ref. 103)
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Recently, Hauseet al.”” of North Carolina State University have proposed a

simple model to appropriately correct the measurgnegrors raised from the above

quantum mechanical effects. Their approach wasdoasethe approximatiofissuch as

(1) the total Si wafer surface potential is a camakipn of the classical result and, and

(2) the total Si wafer bulk charges should inclule additional amount due to the
corresponding charge centroid shZ. Their model predicts thate has a 2/3 power
dependence on the surface electric field to achtheelowest quantized energy level.

Also, it was reported thatZ is a relatively constant of about 1.2 AirBy using their

model, or so called “NCSU CVC” program, theg\and oxide trapped charge density can

be appropriately extracted from the measured C+Vecu

2.5.3 J-V Curve Measurement
The gate leakage J-V measurements were performedeodrHfO high-k MOS

capacitors in this dissertation. The current tranmspmechanism and charge
trapping/detrapping phenomena in the nanocrystalsedded ZrHfO high-k gate stack
can be also characterized from the J-V curve. Mageowith applying a gate voltage
constantly, the high-k gate dielectric stack magalkdown and therefore, its reliability
characteristics can be investigated. Benefited filoenfeasibility of the heated chunk, the
carrier transport mechanisms through the high-kkstan be also studied. The Agilent
4155C semiconductor parameter analyzer was utiiaedeasure J-V curves. The basic
principle of the J-V measurement is to apply a D& lon the capacitor via the probe tip,
and then receive the current signals from the sprobe tip. The voltage profile of the

DC bias can be either in the ramp mode or in thpvgise mode. For the ramp mode, the
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measured current may be contributed by the gatkaéga current and displacement
current. In order to minimize the latter, therefdtee DC bias ramping with a very slow

speed, i.e., 0.01 V/s, is usually usédror the stepwise mode, a relatively long delayetim
between each step, e.g., about 500 ms, can baddgxed to achieve the same purpUse.

However, it should be noted that this delay time wat be too long because the DC bias
during such long delay time may induce a high dedikage current, which degrades the

dielectric properties.
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CHAPTER Il
RUTHENIUM-MODIFIED ZIRCONIUM-DOPED HAFNIUM OXIDE HIGH-K GATE

DIELECTRIC FILM WITH LOW EQUILVALENT OXIDE THICKNESS*

3.1 Introduction and Motivation

The Zr-doped HfQ@ film (ZrHfO) has been demonstrated that has ezoell
dielectric properties, e.g., a low EOT, a low legk@&urrent, a low interface state density,
a high amorphous-to-polycrystalline transition temgtures, and good reliabilit§’*%
When ZrHfO is used as the gate dielectric of theQW&T, it shows excellent transistor
characteristics, such as a high transconductanughadrive current, and a low threshold
voltage® On the other hand, the high-k thin films can bepared by many different
methods, such as the atomic layer deposition, atemvapor deposition, and
sputtering?’?*1%®Sputtering, which is a well-developed method ia tH_SI industry, can
be used to deposit films with various types of cosigons and structures. The room
temperature deposited high-k film needs to be dedeat a high temperature to reduce
the defect density, which is critical for the galielectric application. However, after

thermal annealing, a low quality interface layepftgen formed between the high-k film

and Si substrate, which drastically decreasesftbetize k value.

*Part of data reported in this chapter is reproduitem “Ruthenium Modified Zr-Doped
HfO, High-k Thin Films with Low Equivalent Oxide Thickss”, by Chen-Han Lin and
Yue Kuo, Journal of The Electrochemical Society, 158(7), G162-G168 (2011), by
permission of ECS-The Electrochemical Society.
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It has been reported that the dielectric film'smgtivity could be increased by
dispersing metal particles into the structtfé’ The conductive particles could behave as
induced dipoles or carrier trapping sites to enkathe dielectric constant. In this work,
authors modified the ZrHfO film by including ruthem (Ru) or ruthenium oxide (Ru{
into the structure and investigated its influenge tbe film’'s material and electrical
properties. Ru and RyCare selected in this study because they are stalductors
with high work functions (~5 eV* which can provide a high density of states around
the Fermi energy level for carrier trappiffgRu and Ru@Q have been used as the metal
gate electrodes in MOSFETS for their excellent rradr stability and chemical
properties-> However, during high temperature annealing, thay neact with HfG** or
diffuse to the HfQSi interface to form Ru-silicid& which may change the device’s

electrical characteristics.

3.2 Experimental

MOS capacitors containing ZrHfO and Ru-modified KdHabbreviated as Ru-
ZrHfO from now on) films were fabricated on the yp¢ Si (100) wafer (doping
concentration at 8 cni®) that was pre-cleaned with a dilute hydrofluoraida(DHF)
solution. The ZrHfO film was deposited from a Hf/@8:12 wt %) composite target by
reactive sputtering for 20 seconds. The Ru-ZrHfh fwas prepared by sequential
sputter depositions of the ZrHfO (10 seconds)/Ru g&conds)/ZrHfO (10 seconds) in
one pumpdown without breaking the vacuum. All spitig processes were carried out at
100 W in a 1:1 Ar/@ atmosphere at 5 mTorr with a total flow rate of &m. The

backside of the target was water cooled. The pegtsition annealing (PDA) step was
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done by rapid thermal annealing (RTA) at 8G0to 1000°C for 10 seconds in aJlD,
(20:1) atmosphere. The 80 nm thick titanium nitr{dé\) gate electrode was deposited
by sputtering from a Ti target in the A/X50:1) gas at 100 W for 40 minutes. The post
metal deposition annealing (PMA) step was carrigtlad 350°C for 5 minutes in the

forming gas H/N, (10:90) ambient. The gate pattern (1Q0n diameter) was defined

with lithography and was wet etched with the J0H: H,O,: H,O (1:1:5) solution. The
backside of the Si wafer was cleaned with a DHEtsmh followed by the aluminum (Al)
deposition. The final annealing step was done b RT250°C for 1 minute in forming
gas. Figure 22 shows that in general, the ZrHfOparshowed improved gate dielectric
properties with increasing the PDA temperature. &ample, the capacitor's EOT and
C-V hysteresis can be decreased when the PDA tetoperbecame higher. Also, the flat
band voltage (W) shifted to a lower negative magnitude. The impabwgate dielectric
properties can be attributed to the better bulkhikgfilm quality, i.e., denser film
structure and less inherent trapped charge defdigrefore, the Ru modification effects
were investigated only for the 1080-annealed samples in this study. The high-k film’s
bulk and interface layer (IL) properties were exadi with the high resolution
transmission electron microscopy (HRTEM) and angdsolved x-ray photoelectron
spectroscopy (ARXPS). The MOS capacitor's capacéaroltage (C-V), conductance-
voltage (G-V), and current density-voltage (J-VaKdcteristics were measured with the
Agilent 4284A LCR Meter and Agilent 4155C semicoottu parameter analyzer. The
EOT of the high-k stack was calculated from theac#tpnce measured at the gate voltage
(Vg) of -3 V. The kg was extracted from the C-V curve using the NCSUCQfogram.

193 All electrical measurements were performed orptinbe station in the black box.
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Figure 22. (a) C-V hysteresis curves (measure @tkHr) of the ZrHfO sample annealed
at 800°C to 1000°C for 10 seconds in aJMD, (20:1) atmosphere. Corresponding gate

dielectric properties, i.e., (b) EOT, (c)-/ and (d) hysteresis as a function of PDA

temperature.
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3.3 Ru Modification Effects on Material Propertiet ZrHfO High-K Gate Dielectric
Film
3.3.1 Physical and Chemical Properties of Bulk ZH{igh-K Film and Interface Layer
with Inclusion of Ru Nanoparticles

Figure 23 shows the cross-sectional HRTEM viewthef(a) ZrHfO and (b) Ru-
ZrHfO films on the Si wafer. The bulk ZrHfO film igbout 3 nm thick and amorphous.
Therefore, the properly Zr doped HfGilm can withstand the 1008C annealing
condition without crystallization. The homogeneausorphous film is less prone to
current leakage than the polycrystalline film. Axteirface layer (IL ~ 2.2 nm) is formed
between ZrHfO and Si due to the reaction amon@®Sind Hf atoms. It has a Hf-silicate
(HfSIOy) structure, which will be discussed later. ThekbRu-ZrHfO film is much
thicker than the bulk ZrHfO film, i.e., 6.5 nm V&.nm. The exact reason why the Ru-
ZrHfO film thickness is more than twice of thattbe control sample is not clear. There
are several possibilities. For example, the intotidn of the Ru layer contributes to the
thickness increase. The thickness of the two sépdfxsec sputtered ZrHfO films may
be larger than that of the 20-sec sputter depositad Also, part of the as-deposited Ru
may be oxidized during the top ZrHfO depositionefiéhis a small number of separately-
spread lattice fringes with spacing ~ 0.205 nmhimfilm, which can be contributed to the
Ru (101) crystat'® The interface layer of the Ru-ZrHfO sample is kslig larger than
that of the ZrHfO sample, i.e., 2.4 nm vs. 2.2 finmay be due to the process variation.
However, since these two interfaces have diffestntctures, which will be discussed

later in this chapter, it may also be contributgdhe additional Ru in the former.
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Figure 23. HRTEM cross-sectional views of (a) ZrHd (b) Ru-ZrHfO films on Si.
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Figure 24 shows the top-view TEM micrographs of4ejifO and (b) Ru-ZrHfO
films and corresponding selected area diffractiSAD) patterns. It confirms that the
ZrHfO film has a continuous and amorphous strucamd the Ru-ZrHfO film contains
discrete nanodots distributed in an amorphous rafihe SAD pattern corresponds to
the Ru (101) crystalline structure. From Fig. 24(¢be size of discretely-dispersed Ru
dots is in the range of 2.5 nm to 5 nm and its dimoensional density is estimated to be ~

7x10' cm’.

Figure 24. HRTEM top views of (a) ZrHfO and (b) RdHfO films. Insets:

corresponding SAD patterns.
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Figure 25 shows XPS Rud3ore level spectra of the ZrHfO and Ru-ZrHfO
samples. Both samples were pre-sputtered in the ctRBber by Arions (at 500 eV)
for 35 seconds to remove possible surface contartgn@pparently, Ru &, and Ru
3ds, peaks are absent in the ZrHfO sample. The Ru-ZrgHfple contains a peak with
the binding energy (BE) 280 eV corresponding to Re-Ru metallic state. The
broadening of the peak may be due to the existeheesmall amount of RuJ** The
inset in the figure shows the deconvolution of e 3 peak, which has s small portion
of RuG, (about 6.9 %). Therefore, Ru in the ZrHfO film migi remains in the metallic

state with minor portion in the oxidized state.

Ru 3p 3Pz Ru-Ru
After surface - measured _@461:3

sputtering 3P Lo/

—

5 e
m' " e b0 g 6.9% RUOQ
= Ru 3d Ru-ZrHfO @462.9

I 3d,, 495 485 475 465 455
: -

Q

waed

=

287 286 285 284 283 282 281 280 279 278
BE (eV)

Figure 25. Ru 8 XPS spectra of ZrHfO and Ru-ZrHfO samples. Indetonvoluted Ru

3p spectrum of Ru-ZrHfO sample.
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Figure 26 shows XPS spectra of (a) Hf @) Zr 3, and (c) O &in the ZrHfO
and Ru-ZrHfO samples. There is no obvious diffeesimcHf 4 and Zr ® peak locations
in these samples. The Hf;4 peak at BE around 17.2 eV indicates possible excst of
both HfO, and HfSiQ.'® The Zr s/, peak at BE around 333.2 eV is from Zr@o
peaks corresponding to Zr-silicate were detectdubrdfore, the inclusion of Ru in the
ZrHfO film does not affect the chemical bondingtesaof Hf and Zr. However, the G 1
peak in the Ru-ZrHfO sample has a higher BE thahiththe ZrHfO sample, i.e., 532 eV
vs. 531.6 eV. This means the former probably cost&iQ group close to the SO
structure while the latter does not. In additidig energy band gap of the ZrHfO and Ru-
ZrHfO samples can be extracted from their ©etergy loss spectfd,as shown in Fig.
27. From the onset of the loss peak increase the.threshold energy of the energy loss
spectrum, g of the ZrHfO sample and the Ru-ZrHfO sample cardetermined to be
about 6 eV and 5.8 eV, respectively. The lattewgha lower F because it contains

RuQ; that has a relatively low band gap, i.e., ~2.9'8V.
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Figure 26. (a) Hf & (b) Zr 3, and (c) O & XPS spectra of ZrHfO and Ru-ZrHfO

samples.
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Figure 27. O §energy loss spectra of ZrHfO and Ru-ZrHfO samples.

3.3.2 Composition Change of Interface Layer wittlusion of Ru Nanoparticles

Figure 28 shows Si2peaks of (a) ZrHfO and (b) Ru-ZrHfO samples. Both
samples contain SipZpeaks at 99.3 eV and below 103.4 eV. The formattrsbuted by
the Si-Si bonding state from the Si substrate. 3ih@ulder peak at 99.8 eV is the spin-
orbit-split of the Si P1, which is often observed with the high resoluti%i®PS
instrument*® The Si D peak in the Ru-ZrHfO sample has a higher BE tihenzrHfO
sample has, i.e., 102.8 eV vs. 102.4 eV. Agairs, itanother indication that the interface

layer of the Ru-ZrHfO sample contains more Si®e component than the ZrHfO
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sample does. For the ZrHfO sample, the broadSpeak at BE ~ 102.4 eV can be
deconvoluted into two sub-peaks, i.e., that at @dZorresponding to Hf&rich HfSIO,
(about 40.3 %) and that at 102.8 eV correspondir§i®-rich HfSiO, (about 59.7 %3
However, for the Ru-ZrHfO sample, the 102.8 eV peak be deconvoluted into three
sub-peaks, i.e., the previous two peaks plus arianal peak at 103.4 eV corresponding
to SiG, (about 18.3 %). Therefore, the ZrHfO/Si interfasenodified with the inclusion
of Ru in the bulk film. It was reported that foretilsputter deposited H§Gilm after the
high temperature RTA treatment, it could be decasegoto form excessive oxygen
vacancies (¥) and Hf-dangling bonds.’” Hakalaet al**® reported that Hf was diffused to
the Si interface to form the Hf-Si bond to passvidie Hf-dangling bonds. Since the
ZrHfO film in this study was prepared under the ilamcondition as that of Ref. 117, it
probably contains Yand Hf-dangling bonds as well as Hf{iét the interface. On the
other hand, for the Ru-ZrHfO sample, the Hf-danglbonds may be compensated by
forming Ru-Hf or Ru-\{-Hf bond similar to the Pt-Hf or PtovHf bond reported in the
literature*®*?° The inclusion of Ru in the film may reduce the density and the Hf
diffusion process, which explains the formationtbé SiQ-like composition at the
interface. The above result is consistent with@hés peak change shown in Fig. 26(c).

The Ru-ZrHfO sample has a higher ©BE than the ZrHfO sample.
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Figure 28. Si B XPS spectra of (a) ZrHfO and (b) Ru-ZrHfO samplE32.4 eV peak in
(a) deconvoluted into 102. 8 eV and 102 eV peak,8 eV peak in (b) deconvoluted

into 102.8 eV, 102 eV, and 103.4 eV peaks.
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3.4 Ru Modification Effects on Electrical Propestief ZrHfO High-K MOS Capacitor
3.4.1 Change of C-V and G-V Characteristics wittlusion of Ru Nanoparticles

Figure 29 shows C-V hysteresis curves of the MQ&ci#ors containing ZrHfO
and Ru-ZrHfO films, separately. The gate voltages saept from -3 V to +3 V (forward)
and back to -3 V (backward). Both samples show mwmuriockwise hysteresis. The
separation of the forward and backward curve indg#hat charges were trapped in the
V4 sweeping process. The capacitance in the accuomlagion was increased after the
inclusion of Ru in the ZrHfO film. The EOT of theZfO sample is 1.88 nm and that of
the Ru-ZrHfO sample is 1.43 nm. The TEM micrographBig. 23 shows that, compared
with the ZrHfO sample, the Ru-ZrHfO sample hasiekiér bulk layer (~ 6.5 nm vs. ~ 3
nm) but a comparable interface layer (~ 2.4 nm~v2.2 nm). Therefore, the high
capacitance of the former is contributed by thedase of bulk film’s permittivity. This
is consistent with the theory that the film’'s dipalan enhance the dielectric consfant.
By assuming that the interface layers (with Sijhaf both ZrHfO and Ru-ZrHfO samples

have the same dielectric constant of 7.5, whicthéstypical value of HfSiQ*?**%?th

e
dielectric constants of the bulk ZrHfO and Ru-ZrHf®dms are 15.9 and 139.3,
respectively, measured at 100 kHz. In addition, sheall amount of the conductive
Ru/RuQ nanoparticles in the ZrHfO film could serve asmuan trapping centers to trap
carriers through tunneling from the Si substratke Trapped charges may induce the
dipole polarization effect to increase the capacia Similar phenomenon was observed
in the silver nanoparticles embedded aluminum o¥idene dipole enhancement effect is

further supported by the existence of a hump inRbheZrHfO sample’s C-V curve. This

hump emerges at near -0.5 V, which is lower thanflatband voltage near 0 V.
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Previously, it was shown that the interface layfethe Ru-ZrHfO sample contains
a small portion of Si@like structure while the ZrHfO sample does not.eTiormer
should be less responsive to capacitance delapgltiie 4 sweep-> Since no hump is
detected in the ZrHfO sample’s C-V curve despige HifSiQ, interface structure, the
hump in the Ru-ZrHfO sample’s C-V curve is proballye to charges trapped at the
Ru/RuQ site rather than the poor high-k/Si interface gyaBeparately, the p4 of the
forward C-V curve of the Ru-ZrHfO sample is morespioe than that of the ZrHfO
sample, i.e., 0 V vs. -0.46 V. This means thatitfitusion of Ru makes the film less
prone to positive charge trapping. In addition, tiarge trapping density ,Qof the
ZrHfO sample, i.e., 2.7x1® cm? is higher than that of the Ru-ZrHfO sample, i.e.,
1.1x10? cm?, which were calculated from thery differences of the hysteresis curves.
The high charge trapping densities of these twopsasnreflect the high initial defect
densities. They are probably generated due toittePDA temperature, i.e., 100C. It
was reported that the sputter deposited Hfii@h-k film could be decomposed to form
excessive oxygen vacancies and therefore, the defgct density’’ For the Ru-ZrHfO
sample, the alleviated positive charge trappingsiterand the reduction of gcan be

explained by the reduction of the oxygen deficieaar vacancies in the filfi?
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Figure 29. C-V hysteresis curves of ZrHfO and RH#HEY samples measured at 100 kHz.
Vg swept from -3 V to 3 V (forward) and then back-80V (backward). Capacitor size:

25 um in diameter.
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Figure 30 shows the conductance-voltage (G-V) aunethe ZrHfO and Ru-
ZrHfO samples. For the Ru-ZrHfO sample, in addittonthe peak conductance (£,
which occurs at the pd, an additional small hump located at the humptmosif its C-

V curve is observed. This is because the chargppittng process occurs in the
nanoparticles embedded MOS capacitor may incréssminductanc&> Compared with

the ZrHfO sample, Ru-ZrHfO sample has a highgirand a lower leakage current,
which will be discussed later. The G-V result adspports the previous carrier tunneling

effect statement because carriers trapping to tHRED, site can increasezvalue!®

Conductance (us)
w

-2 -1.5 -1 -0.5 0 0.5 1
Gate Voltage (V)

Figure 30. G-V curves of ZrHfO and Ru-ZrHfO sampiesasured at 100 kHz.
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3.4.2 Change of Frequency-Dependent C-V Curve Inithusion of Ru Nanoparticles
There are various types of polarization which abote to the permittivity of a
dielectric film, including electronic, ionic, oritational, dipolar, defect, and space-charge
polarization. Some of them can follow the GHz frexqcies while some can not. In order
to further verify the dipole enhancement effectsaarier tunneling, the C-V curves were
measured with various frequencies, i.e., 100 k9D, EHz, and 1 MHz, as shown in Fig.
31. The ZrHfO sample has a small frequency-depdndapacitance dispersion in the
accumulated regime, which is caused by intrinsitects in the film, e.g., oxygen
vacancies. In addition, the C-V curve shape isimiiienced by the measure frequency.
In contrast, the Ru-ZrHfO sample has a large fraqualependent dispersion of the
capacitance. A hump in the C-V curve is observedickv becomes more obvious with
the decrease of the measure frequency. These gemeltconsistent with the previous
discussion that the interface layer, which contaitiser HfSiQ or SiOG-like structure, is
not responsible for the delay of the capacitansparsse with respect to the frequency,
i.e., hump in the C-V curve. It is probably duectmarges trapping via carrier tunneling
effect, which is enhanced by decreasing the meafermuency* In addition, the
inclusion of Ru into the ZrHfO film enhances theeduency dispersion effect.
Furthermore, since more charges can be accumuédtélde Ru/Ru@ site at the low
measure frequency than at the high measure freguéime increase of capacitance is
enhanced by the dipole polarization phenomena.fidgriency dispersion phenomenon
of the Ru-modified film indicates that the increadehe bulk film’s permittivity from the

inclusion of Ru is limited by the high frequencyeoation.
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3.4.3 Change of J-V and J-E Curve with InclusiomRafNanoparticles

Figure 32(a) shows the gate leakage current demsitgge (J-\) curves of the
ZrHfO and Ru-ZrHfO samples. Both samples show thelar shape in the yrange of
+3 V. The Ru-ZrHfO sample has a consistent loweghah the ZrHfO sample, e.g.,
1.1x10% Alem?® vs. 1.4x10 Alcm® at Vy= -1 V, due to its larger physical thickness. The
inset in Fig. 32(a) shows J (at ¥ -1 V) as a function of the EOT of these two saapl
and that of a poly-silicon/thermal Si@ate stack®® The leakage currents of both high-k
samples are five orders of magnitude lower thamn dighe poly-silicon/thermal Si©
stack based on the same EOT. The low leakage t¢whemacteristic of the Ru-ZrHfO
sample is attributed to its thickness. Figure 3Xbdpws the J-gate electric field (E)
curves of the two high-k capacitors. The curvesewmeasured with negativeg\i.e.,
electrons injection from the electrode or holegatipn from the substrate. Both samples
have similar leakage current when the electricdfisl low, i.e., | E | < 2.5 MV/cm.
However, when the filed is larger than 2.5 MV/cime Ru-ZrHfO sample shows a higher
leakage current than the ZrHfO sample. The inclugibRu in the film makes it more
leaky at a high electric field. In addition, the-RtHfO sample has a lower breakdown
strength than the ZrHfO sample, i.e., 6 MV/cm \8.61IMV/cm. However, the dielectric
strength of the Ru-ZrHfO sample is comparative tbeo high-k films with similar

EOT’s 127-128
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Figure 32. (a) J-yand (b) J-E (measured in negativgsy curves of ZrHfO and Ru-

ZrHfO samples. Inset in (a): J's (at -1 V) of ZrHfRu-ZrHfO, and poly-Si/Si@"*°
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3.4.4 Change of Current Transport Mechanism withusion of Ru Nanopatrticles

In order to study the carrier transport charadiessof the ZrHfO and Ru-ZrHfO
samples, the temperature-dependent leakage cwotage (J-V) curves were measured
and compared, as show in Fig. 33(a) and (b). Tineesuvere measured fromy¥ 0 V to
-3 V in the temperature range of Z5to 125°C. Since the measuremeny ¥ low and
the conduction band offset between TiN and ZrHfOL(8 eV to 2.2 eVf*'?°is much
smaller than the valance band offset between Zreifi@ Si (~ 3.4 eV/}°, the current
conduction in this range is probably dominated iy électron injection from the gate
rather than the hole injection from the substfateSince both samples show the
temperature-dependent current leakage, chargge@ably transported by the Schottky
emission (SE) or Frenkel-Poole (F-P) tunneling raeism?>

Figure 34 shows the schematic illustrations of @#fieand F-P tunneling current
transport mechanisms. For the former, carriers neeimb across the energy barrier at
the Si/high-k. For the latter, the current transpan be assisted by the traps in the high-k
film, i.e., carriers can first tunnel into the tea@nd then jump across the energy depth of

the trap involved in the F-P current transport.
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Figure 33. J-V curves of (a) ZrHfO and (b) Ru-ZrHé@mples measured from 25 to
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Figure 34. Schematic illustrations of SE and F-Rent transport mechanisms.

Figure 33(a) and (b) were redrawn into the SE aRl (fots, as shown in Fig.
33(c) and (d). For both samples, the SE relatitmviiell at the low electric field regime
while the F-P relation is suitable in the high #élecfield regime. These relationships are
independent of the measurement temperature. Tlienisistent with the literature report
that the SE mechanism occurs at the low electeid fivhile the F-P tunneling process
requires a high electric fiefd>*** It is also noted that when the current transpsrt i
dominated by SE, both samples show no obviousrdiffee in the equation of linearly
fitted trend, i.e., at 12%, the slopes are 0.0017 and 0.0018, and the yiaeigseption
(at B2 = 0) are -21.418 and -21.518, for the ZrHfO andZRdfO samples, respectively.
Since there is only a very small amount of Ru/Ru@nopatrticles discretely dispersed in

the amorphous ZrHfO film, the chance of diffusiohRu/RuQ to the top interface is
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probably low. Previously, it was reported that #féective barrier height between the
metal gate and the underneath high-k dielectriddccba changed due to the formation of
a dipole layer, which is resulted from the chamgesfer from | to the gate electrodé’
Therefore, judged from the similarity in the SEifi§ equations of the Ru-ZrHfO and
ZrHfO samples, the TiN/ZrHfO interface propertiesre/ not influenced by the inclusion
of Ru in the bulk film. On the other hand, when therent transport is dominated by F-P
mechanism, the linear equation for the Ru-ZrHfO mlan{measured at 12&) has a
smaller y-axis interception than that for the ZrH§@mple has, i.e., -23.567 vs. -24.317.
Therefore, the energy depths of traps contribubethé F-P conduction are estimated to
be 0.23 eV and 0.46 eV for the Ru-ZrHfO and ZrHf@msles, respectivel{??
Furthermore, the F-P mechanism of the Ru-ZrHfO dangzcurs at a much lower
electric filed than that of the ZrHfO sample, i.€Y? ~ 1642 (Vicmy? vs. ~ 2148
(V/cm)*2. This means that carriers can tunnel across ttalfimigh-k film interface at a
relatively small electric field if the high-k filntontains conductive Ru nanoparticles.
This phenomenon also explains why both high-k samphve similar J when | E | < 2.5
MV/cm, but when | E | > 2.5 MV/cm, the Ru-ZrHfO sdenpas a higher J and a larger
slope in the J-E curve than the ZrHfO sample hass & because the dominant current
transport mechanism of the Ru-ZrHfO sample charigegs SE to F-P at | E | ~ 2.5
MV/cm (EY? ~ 1581 (V/iemY?), and the energy depth of the traps responsiblehtn F-P

conduction mechanism is lower than that of the Z¥ldample as previously discussed.
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3.4.5 Reliability of Ru-Modified ZrHfO High-K MOS &pacitor

The reliability characteristics of the Ru-ZrHfO galemhas also been studied using
the constant voltage stress (CVS) method, as slowig. 35. The J vs. stress time curve
was measured at room temperature under ¥4.25 V. Under this CVS condition, both
Ru-ZrHfO and ZrHfO samples have similar J's, i@0Q09 A/cnf vs. 0.01 A/cri. The
time to failure (TTF) of the film has been extendenin 250 seconds to 306 seconds
when Ru is included in the ZrHfO sample. The long&iF of the Ru-ZrHfO sample
could be attributed to its large physical thickndssr the Ru-ZrHfO sample, the soft
breakdown, i.e., the small jump of J occurs atéfbads, from 16 A/cm’to 0.78 Alc,
is due to the beginning of formation of some curremkage path§® Therefore, the
small Ru/Ru@ nanoparticles can cause the quick formation ofltlakage path in the
film. However, since the Ru-ZrHfO sample is thickBan the ZrHfO sample and the
nanoparticles are dispersed discretely in the ahoarp matrix, it takes a long time for
the film to breakdown. The lifetime of the dielectrfilm can be projected by
extrapolating the curve of TTF as a function of #pplied gate stress voltag€igure 36
shows the TTF vs. the inverse of gate stress wltighe Ru-ZrHfO sample in they,V
range of -4 V to -4.75 V, which is much higher thha typical MOS gate voltage. From
the curve extrapolation, the lifetime of the Ru-BoHsample can be 10 years at the gate

bias voltage of -2 V.
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Figure 35. Constant voltage stress (gt=/-4.25 V) curves of ZrHfO and Ru-ZrHfO

samples.

1.0E+12

1.0E+10 A

... 10 e | T
1.0E+08 -

1.0E+06 -

y = 0.0002¢°81455X

1.0E+04 1 R2 = 0.9984

Time to failure (sec)

ea Ru-ZrHfO

10E+00 T T T 1 T T [ T T T [ T T T [ T T T T [ T T 17T
-02 -025 -03 -035 -04 -045 -05

1/Stress voltage (1/V)

Figure 36. Time to failure vs. inverse of streskage curve of Ru-ZrHfO sample.
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3.5 Summary

The addition of Ru into the ZrHfO high-k film chaed)its materials and electrical
properties. Discrete nanoparticles composed of RURUQ were detected by TEM and
XPS. The high-k/Si interface layer contains the Sike structure due to the inclusion of
Ru in the bulk film. The Ru-ZrHfO sample shows arenpositive \tg and a smaller ¥
difference of the hysteresis curve than that of ZndfO sample probably due to the
decrease of the oxygen vacancy density. The higmifievity of Ru-ZrHfO film could
be explained by the dipole enhancement mechanidocéd from carrier capture. This is
supported by the frequency-dependent C-V and G+#Vesu The Ru-ZrHfO sample has a
leakage current density five orders of magnitudevelo than that of the poly-
silicon/thermal Si@structure, and has a comparative breakdown stréongtther high-k
films of the same EOT. The temperature-dependevit deasurement indicates that
Schottky emission and Frenkel-Poole tunneling amsmidant current conduction
mechanisms in the Ru-ZrHfO sample at the low angh helectric field regimes,
respectively. The inclusion of Ru in the ZrHfO fillawers the energy depth of traps
involved in F-P conduction but does not affect Thl/high-k barrier height. The Ru-
ZrHfO film has a large breakdown voltage and a Idifgtime due to its unique film
structure. There is one disadvantage in the Ru-fieddihigh-k film, i.e., the poor
response to the high frequency, which may limit agsplication to the very high

frequency device. More detailed studies are reduorethis subject.
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CHAPTER IV
NANOCRYSTALLINE RUTHENIUM OXIDE EMBEDDED ZIRCONIUMDOPED

HAFNIUM OXIDE HIGH-K NONVOLATILE MEMORIES*

4.1 Introduction and Motivation

Recently, the nanocrystal structure has been peaptusreplace the poly-Si layer
in the future-generation floating gate (FG) nontitdamemory device to improve the
charge retention characteristits* As mentioned in Chapter I, HfCfilm with a low
EOT can be used as the tunnel and/or control aridiee FG memory device to achieve
the high charge retention efficienyIn addition, HfQ has lower electron and hole
energy barriers with respect to Si substrate than,$.e., 1.5 eV and 3.4 eV vs. 3.5 eV
and 4.3 eV, respectively, which favors the low pamgming powerThe nanocrystals
embedded Hf@memory device has been reportd@**®Since the ZrHfO film has been
demonstrated that has a lower EOT, a thinner imt¢erthickness, and a lower interface
state density compared to the un-doped Hittn, *°®**°it has great potential to serve as
the tunnel and control oxides in the FG memoryadidition, it has been reported that
conductive materials, e.g. metals or metal oxidesild be prepared into nanocrystals

embedded in a high-k or Si@m. 4!

*Part of data reported in this chapter is reproduffem “Nanocrystalline Ruthenium
Oxide Embedded Zirconium-Doped Hafnium Oxide Hightnvolatile Memories”, by
Chen-Han Lin and Yue Kuo, accepted for publicaiiothe Journal of Applied Physics,
Copyright [2011], by permission of AIP-American fitgte of Physics.
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Ruthenium oxide (RuO) is a conductive oxide thas lkeacellent thermal and
chemical stability*? It was also reported that nanocrystals with adawgrk function and
a high density of states around the Fermi levellmaembedded into dielectrics to form
the deep charge trapping w&lISince RuO has a large work function, e.g., ~5“€\,
can be prepared into nanocrystalline (nc) dots emtbedded into a dielectric film to

achieve good memory characteristics. Mailetpal.***

reported a nc-RuO embedded
memory capacitor composed of a Si/gKIO,/nc-RuO/ALO; structure that shows good
memory functions. However, there is lack of dethilgformation in the charge trapping
mechanism and reliability of the nc-RuO embeddeghtki memory device. In this study,
the memory functions and related material propgmiethe MOS capacitors with the nc-
RuO embedded ZrHfO gate dielectric structure werepared and investigated

thoroughly. This kind of information is critical fothe practical application of the

memory device.

4.2 Experimental

MOS capacitors composed of the nc-RuO embedded@difte dielectric were
fabricated on the dilute HF cleaned p-type Si (2@@jer (resistivity 11-2@2-cm). The
gate dielectric composed of the bottom ZrHfO (tunoeide)/Ru/top ZrHfO (control
oxide) structure was sequentially deposited by Rigmetron sputtering at 5 mTorr in a
one-pump-down process without breaking the vaculine tunnel and control ZrHfO
films were deposited using a Zr/Hf (wt % 12:88) qmsite target at 100 W in an Ar/O
(1:1) ambient for 2 min and 4 min, respectively. fikms with three different thicknesses

were separately deposited from a Ru target at 8@ We Ar ambient for 1 min, 2 min,
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and 3 min. The post deposition annealing (PDA) stap done at 950 °C for 1 min in a
N2/O; (1:1) ambient using a RTA method. Then, a 120 hioktAl film was sputter-
deposited on top of the nc-RuO embedded high-Kstawas subsequently defined with
a lithography step and etched into the round-shagmd electrodes with an area of
7.85x10°cn. An Al film was also deposited on the backsidehsf wafer for the ohmic
contact formation. The complete capacitor was dedeat 300 °C for 5 min under the
H./N, (1:9) atmosphere. The control sample, i.e., withthe embedded nc-RuO in
ZrHfO, was prepared under the same condition. Hpacitor’'s C-V and J-V curves were
measured using the Agilent 4284A LCR meter and &yil4155C semiconductor
parameter analyzer, respectively. The flatbandagelt(\fg) was extracted from the C-V
curve using the NCSU CVC prografi. The chemical bond structure and composition of
the bulk and interface layers of the gate dielecstack were characterized with XPS
using the monochromatic Ald&x-ray emission at 1486.6 eV. Figure 37 shows the J
curves of the three capacitors that separatelyagoit min-, 2 min-, and 3 min-deposited
Ru films. The \§ was swept from -3 V to +3 V then back to -3 V. Otihg capacitor
containing 1 min-deposited Ru film showed a typida¥/ curve of the nanocrystals
embedded gate dielectric stack, i.e., includingegative differential resistance (NDR)
peak!*> On the contrary, both the capacitors that corainin- and 3 min-deposited Ru
films showed intensive leakage currents, which pbiy can be attributed to the

inclusion of a large amount of conductive Ru in dexice. Therefore, in this study, only

the capacitor that contains 1 min-deposited Ru ¥ilas investigated.



87

= Ru 1min

Current Density (Alcm?)
(e}
m
+
o
(e}

-3V to +3V to -3V

-2 -1.5 -1 -05 0 05 1 1.5 2
Gate Voltage (V)

Figure 37. J-V curves (swept from -3 V to + 3 Vrilmack to -3 V) of the capacitors that

separately contain 1 min-, 2 min-, and 3 min-degeolsRu films.

4.3 Material Properties of nc-RuO Embedded ZrHf@HHK Gate Dielectric Stack
4.3.1 Formation of Discrete nc-RuO Structure afBA

Figure 38 shows the top-view TEM micrographs of B thin film (1 min-
deposited) (a) before and (b) after PDA with cquaegling SAD patterns shown in the
insets. The as-deposited Ru is a continuous pdiaifyne film. After PDA, it becomes
discrete nanocrystalline dots with a 2-D spatialsity of about 8x18 cm™. The original
Ru and final nc-RuO structures are confirmed from $AD patterns. Figure 38(c) shows
the HRTEM top view of the single nc-RuO dot, whichs a lattice fringe spacing of

0.318 nm belong to the RuO (110) structtife.
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Figure 38. Top-view TEM micrographs of (a) as-defgasand (b) annealed Ru films.
Insets in (a) and (b) are the corresponding SARepat. (c) HRTEM top view of the

single nc-RuO dot.
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Figure 39 shows Rud3XPS spectra of (a) as-deposited and (b) annealeflriRs.
The former shows two metallic R ®eaks at 279.7 eV and 283.9 eV, while the latter
contains Ru 8 peaks at 282.6 eV and 286.8 eV, which are cortaiblpy RuO-*"48
Figure 39(b) also contains two G fleaks at 283.1 eV and 284.5 eV, which are from the
environmental contaminations. Therefore, the XP&8lyais is consistent with the SAD

result that the as-deposited Ru film can transftriRuO structure after PDA.

290 288 286 284 282 280 278

290 288 288 284 282 280 278

Figure 39. Ru 8 XPS spectra of (a) as-deposited and (b) annealddriRs.
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4.3.2 Physical and Chemical Properties of Bulk m®©REmbedded ZrHfO High-K Film
and Interface Layer

The high resolution cross-sectional TEM micrographga) the control and (b)
the nc-RuO embedded ZrHfO samples after PDA arevshio Fig. 40. No visible lattice
fringes were observed in the control sample, winchcates the amorphous structure of
the ZrHfO film. The nc-RuO embedded sample contathid nm size nanodots
highlighted in circles and surrounded by the amoyshZrHfO film. Each nanodot shows
lattice fringes with the 0.317 nm spacing, whichrresponds to the RuO (110)

structure**®

The bulk ZrHfO film in the control sample is abduthm thick. The total
thickness of the nc-RuO embedded ZrHfO film is abb@ nm, which is consisted of 1.2
nm ZrHfO tunnel oxide layer, 4.5 nm of nc-RuO lgyand 1.4 nm ZrHfO control oxide
layer. In addition, a 1.4 nm thick interface layeas formed between the Al gate and top
ZrHfO layer. Figure 40(c) shows the Ap XPS spectrum of this interface layer, which
has a binding energy (BE) of 74.6 eV correspondmnghat of AbOs**° This interface
layer, which has a large electron barrier heigh2@ eV to the Al gate electrod®,
should be counted as part of the control oxiderlayehe nc-RuO embedded sample.
Another interface layer (IL) is formed between thewafer and tunnel ZrHfO layer.
Figure 40(d) shows the EDS spectrum of this IL,chhis consisted of Hf, Si, and O. It
probably is a Hf-silicate (HfSi¢) layer as reported in Ref. 108. The XPS analykibie
layer, which will be shown and discussed latehis thapter, also confirms this structure.

This IL has lower electron and hole energy barr{gvgh respect to Si) than those of

Si0,,** which favors the high programming efficiency oé tnemory function.
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Figure 40. Cross-sectional TEM micrographs of (@ tontrol sample and (b) the nc-
RuO embedded ZrHfO stack. (c) Ab XPS spectrum of the Al/ZrHfO interface layer. (d)

EDS spectrum from the Si/ZrHfO interface layer.



92

The IL thickness of the nc-RuO embedded samplargel than that of the control
sample, i.e., 4.8 nm vs. 4.1 nm. It was reported the growth of the Si/high-k interface
layer is strongly related to the oxygen supply dgrthe PDA procesS’ In addition,

Brossmanret al.*?

reported that the oxygen diffusion in the hightinfcontaining grain
boundaries is enhanced in comparison to the amagpfion. The embedding of the nc-
RuO into the amorphous ZrHfO film may create exleéects, e.g., at the nc-RuO/ZrHfO
interface, which may be responsible for the thickgrof the IL. A detailed discussion on
the nc-RuO/ZrHfO interface will be included latarthis chapter.

Figure 41 shows the XRD pattern of the nc-RuO erdbddrHfO sample, which
contains a @=28.2 peak corresponding to RuO (118y.The average nc-RuO size is
estimated to be 6.8 nm calculated from the Schemeatior’’ The inset is the XRD

pattern of the control sample, which does not dantmy crystalline structure. This

confirms the TEM result that the ZrHfO film remaiashorphous after PDA.
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Figure 41. XRD patterns of the nc-RuO embedded saam the control sample (inset).
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Figure 42 shows the XPS Hf dpectra of both the control and nc-RuO embedded
samples. The control sample contains a Iff.4eak at BE 17.2 eV. The nc-RuO
embedded sample has an additional HiL4geak at 17.9 eV. The BE 17.2 eV peak is
contributed by the Hf-O (BE 16.8 eV) and Hf-Si-OFRB7.6 eV) bonding statés’ The
former is from the bulk ZrHfO film while the lattés from the HfSIQ formed at the Si
interface.The inset of Fig. 42 shows that the intensity af 81 2 peak in the nc-RuO
embedded sample is much lower than that in theraosample due to the former’s
thicker layer structure. Therefore, the extra BE918V peak in the nc-RuO embedded
sample is most probably from the bulk high-k statkead of from its interface with the
Si substrate. Both the bulk nc-RuO and nc-RuO/ZrHift@rface can contribute to this
peak. The interface formation phenomenon betweemémnodot and surrounding oxide
after PDA process has been report&since the area ratio of the BE 17.9 eV peak to the
BE 17.5 eV peak in the nc-RuO embedded sampleast®® %, the contribution of this

interface to the charge trapping is not negligible.
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Figure 42. XPS Si 2 (inset) and Hf #ispectra of the control sample and the nc-RuO

embedded ZrHfO capacitor. The Hfpgleaks of the latter were deconvoluted.
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4.4 Electrical Properties of nc-RuO Embedded ZrHfigh-K MOS Capacitor
4.4.1 Memory Functions Contributed by Hole and Etat Trapping

Figure 43 shows the high frequency (1 MHz) C-V byssis curves of the control
sample and nc-RuO embedded capacitgrwds swept from the negative value to the
positive value, i.e. the forward direction, andrtheack to the negative value, i.e. the
backward direction, in the range of £9 V. Since themory window (i.e., defined as the
Vg difference between thegy of the forward curve and that of the backward elnf
the control sample is very small, the embedded m®-Rs responsible for the large
memory window of 1.72 V. The inset of Fig. 43 shoth® Vkg's of the nc-RuO
embedded sample in the forward and backward dmegtas functions of theg\sweep
ranges from £3 V to £9 V. The corresponding memwiydow is increased from 0.08 V
in the sweep range of +3 V to 0.51 V in the ranfeV to 1.72 V in the range of £9 V.
Since the increase of the memory window is mosilytitbuted by the negativegy shift
in the forward sweep direction, especially at @n@é | sweep range, the hole-trapping
phenomenon is not negligible. Theg/of the backward curve swept from +6 V is more
negative than that of the backward curve swept fre8nV, which indicates that holes
trapped during the forward sweep were not completemoved at the positive 4V
condition. The hole-removal efficiency increasesewhhe magnitude of the \of the

backward sweep is increased, i.e., to + 9 V.
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Figure 44(a) further shows C-V hysteresis curvesth® nc-RuO embedded
ZrHfO high-k MOS capacitor swept from different iad¢ige voltages, e.g., -3V, -6 V,
and -9 V, respectively, to the same +9 V (forwarceep), and then backward to the
original voltages (backward sweep). Figure 44(bj &) show hysteresis curves that
were swept with the same method as those in Fi@)4kcept the smaller end voltages
in the forward sweep direction, i.e., +6 V and +3 réspectively. Before the C-V
hysteresis measurement, theg\of the fresh nc-RuO embedded device was estimated
from the C-V curve swept in a smallg\Yange, i.e., -2 V to +1 V, which trapped a
negligible amount of charges in the dielectric lay@gure 45 summarizesgys of Fig.
44(a), (b), and (c) curves in forward and backwdirdctions. Several conclusions can be
summarized from these figures. First, the forwares ghifts to more negative gV
direction with the increase of the starting, ¥ the forward curve, i.e., -0.87 V, -1.38 V,
and -2.18 V with the starting voltage of -3 V, -6avid -9 V, respectively. Therefore, the
hole-trapping efficiency increases with the inceeaéthe magnitude of the negativg. V
Second, with the same starting ¥ +9 V, all backward ¥z's are more positive than that
of the fresh device, i.e., -0.77 V. However, whika backward starting voltages are less
than +9 V, their ¥g's are more negative than -0.77 V. This phenomenditates that,
during the forward sweep, the injected holes angty trapped in the capacitor and are
not fully erased by the subsequent small backwasekep. Whereas, when the backward
starting voltage is large enough, not only the fnesly trapped holes are released but
also electrons are injected from the Si substi@téhé high-k stack. Third, for the same
starting +9 V in the backward sweep curve, the mgnwindow increases with the

increase of the starting g\ the forward curve, e.g., 0.56 V, 0.98 V, and21V for the
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starting \§ of -3 V, -6 V, and -9 V in the forward sweep, respvely. Therefore, the

hole-trapping process is critical to the capaconemory function.
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Figure 44. C-V hysteresis curves (at 1MHz) of theRuO embedded ZrHfO MOS
capacitor with fixed backward reverse voltagesaattQ V, (b) +6 V, and (c) +3 V. Each

figure contains 3 curves with the forward startvgjtage of -3 V, -6 V and -9 V,

respectively.
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4.4.2 Differentiation of Hole and Electron Trapping

In order to differentiate the electron- and hobpping characteristics in the
device, the constant voltage stress (CVS) methaxloaseried out by applying ag\o6f +9
V or -9 V to the gate electrode for 10 s. Before Wy stress was applied, the device’s
fresh C-V curve was measured for comparison. Thgs\Wof the capacitor before and
after the CVS were estimated from the C-V curves there measured over a smaj V
range, i.e., -2.5 Vto 0.5 V at 1 MHz. Again, tlsimall V; introduces negligible amount
of charges to the device. Therefore, the C-V dhoin the “fresh” curve after the CVS is
due to the trap of charges during stress. Figureh&vs the CVS curves of the control
and nc-RuO embedded samples under various CVS taorsli The control sample has
very limited charge trapping capability after eith® V or -9 V stress. Therefore, neither
the bulk ZrHfO nor the interface layer between 8d &rHfO can trap an appreciate
amount of charges. However, the nc-RuO embeddediample shows large gy
shifts AVgg's), i.e., -1 V (negative shift) and 0.58 V (posdishift) after -9 V and +9 V
CVS, respectively. The former corresponds to a-hraleping density (Q) of 2.2x1®
cm’; the latter corresponds to an electron-trappinugitye of 1.3x16? cm?, according to

the equation of

Q — CaccévFB [ 1 4]

where Gecis the device’s unit capacitance at the accunanatkgime (3.82xI0F/cnf),

and g is the electron charge.
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The nc-RuO embedded device traps more holes tretr@hs under the same
magnitude of stress voltage for the same periodinoé. There are several possible
explanations. For example, in the p-type Si, ie&sier to form the hole-accumulation
layer than the electron-rich inversion layer undee same magnitude of jVstress
condition. The concentration of hole in the accuatiah layer (under -yj is higher than
that of electron in the inversion layer (underg\Also, holes and electrons may have
different charge trapping sites in the high-k stdokaddition, it is observed that the fresh
C-V curve of the nc-RuO embedded capacitor issbssp than that of the control sample.
The former is on the positiveg\Mirection of the latter. The slightly stretchedvGhape
of the nc-RuO embedded capacitor may be relatedetanc-RuO/ZrHfO interface layer
guality. This interface can be physically closerthe Si surface than the bulk nc-RuO
layer. Charges may interact with this interfaceimyiVy sweep, which results in the
delayed C-V responsg® The shift of the C-V curve might be related to thigkness of
the IL. For example, it was reported that for sque®i MOS capacitors containing the
same HfQ high-k film,the kg shifts more positively when the IL thickness irases>"

158 When the oxygen supply is sufficient during thestpdeposition annealing, the IL
tends to growth thicker and contains less amoutii@inherent positive charges, i.e., the
oxygen vacancies, in the gate dielectric sta¢Rhis phenomenon is also consistent with
the previous discussion, i.e., compared with the manocrystal-embedded ZrHfO film,
the existence of the nc-RuO in the ZrHfO film fawdor oxygen diffusion through the
high-k stack.

Figure 47 shows the p¢ shift (A Veg) of the nc-RuO embedded capacitor with

respect to the fresh capacitor, i.egg\(after bias)-Vg (fresh), with respect to the stress
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time at various stressgé. All Vgg's were extracted from the C-V curves measured over
a small \§ range of -2 V to +0.5 V, which had negligible etfeon the actual p values.

After Vg = -5 V or -6 V stress, the\ Ve is negative and its magnitude increases

monotonically with the stress time. Therefore, tag@acitor's hole-trapping capacity is
enhanced with the stress time and the magnitudieeo$tress Yy On the contrary, after

the Vy = +5 V bias, theA Vg is negligibly small even for a long period of ssdime.
When the stress Ms increased to +6 V, tha Vg is a small positive value for the first 1

s. It increases slowly with the increase of stteeg and reaches a saturation value at 40

s. The same phenomenon occurs under tfre ¥8 V stress condition except teVrgis

much larger than that of they¥ +6 V condition. Therefore, for the same magnitotle
the \j stress, the hole-trapping efficiency is highemthize electron-trapping efficiency.
Since the capacitor was fabricated on the p-typaeer, under the negativey\étress
condition, the hole accumulation layer was ea%lynfed. Holes can be injected into the
gate dielectric layer when enough energy is praliddowever, in order to form an
electron-rich inversion layer for the subsequegation into the high-k stack, a large

positive V4 is required. Under the -5 V or -6 V stress cowditithe A Veg increases

monotonically with stress time indicating that radt injected holes are trapped in the
dielectric stack® For example, some of the holes may tunnel throhghwthole high-k

stack to reach the gate electrode. On the othed,lgince the saturation phenomenon
shown in the electron-trapping process does natiroccthe hole-trapping process, the
hole-trapping mechanism may be different from thexteon-trapping mechanism. The

details will be discussed later in the bias-depahdkarge trapping process section.
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Figure 48(a) shows C-V curves (measured at 1 MHzh® nc-RuO embedded

capacitor after being stressed at differegs\or a period of 5 s. Figure 48(b) is the
Veg vs. the magnitude of stress.MUnder the negative g/stress condition, theé\ Vg
increases almost linearly with the magnitude @f Vhe corresponding hole-trapping
density is 1.810"*cm?after \j; = -10 V stress. Under the positivg $tress condition, the
AVgg increases only when the gate bias is below +8 \foBé that, it saturates to a
value of 0.55 V, which equals a charge density.8£10">cm. The saturation of trapped
electron density is higher than the density of m®R810" cm®) in the gate dielectric

stack. In average, each nc-RuO traps 1-2 electidrerefore, the saturation phenomenon
may be due to 1) the Coulomb blockade effect, itee,previously-trapped electrons in
the deep charge trapping sites may hinder furthestren trapping during the trapping
process, and 2) the limited supply of electrongh@ inversion layer of the p-type Si
wafer. On the other hand, the hole-trapping proceiss not show the saturation
phenomenon, and the hole-trapping density is ctardly higher than the electron-

trapping density.
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4.4.3 Differentiation of Charge Trapping Sites

The large number of trapped charges in the nc-RoDedded sample may be
located in the bulk nc-RuO or at the nc-RuO/ZrHi@@erface. In order to distinguish
these charge trapping sites, the frequency-depér@anand G-V measurements, i.e.,
from 100 kHz to 1 MHz, were carried out on capasitdhe \§ was swept from -9 V to
+9 V to simulate the hole-trapping condition, anceptfrom +9 V to -9 V to simulate
the electron-trapping condition. The results of threguency-dependent C-V and G-V
measurements are shown in Figs. 49 and 50, regplctivhich indicate that only the
trapped holes, not the trapped electrons, responthdé frequency change. The C-V
curves (normalized by the accumulation capacitaand)G-V curves (normalized by the
angular frequency and capacitor area) of the cbrsample are independent of the
measure frequency, as shown in insets of Fig. 4OFa 50(a), respectively. Therefore,
neither the bulk ZrHfO nor the Si/ZrHfO interfaceyér is responsible for the frequency-
dependent curve shift. For the nc-RuO embeddedtdgthe hole-trapped C-V curve was
stretched and the ¥ shifted to the positive y/direction when the measure frequency
was decreased from 1 MHz to 100 kHz. Previouslwas reported that charges stored at
the nanocrystal/surrounding oxide interface respdni the low measure frequerngy.
Therefore, it is possible that holes trapped anii¥RuO/ZrHfO interface are responsible
for the frequency-dependent C-V shift. The trappedes may tunnel toward the Si
substrate when the band structure moves to nedlath®and condition. This is consistent

with the hump in the low frequency C-V curve nda Veg.
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Figure 49. Frequency-dependent C-V curves of th&kum® embedded ZrHfO MOS

capacitor and the control sample (insefy.was swept from -9 V to +9 V and from +9 V

to -9 V for hole-trapping and electron-trappingdsturespectively.
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On the other hand, an obvious frequency dispersiorthe hole-trapped G-V
curve is also observed, i.e., the peak height leveerd the location moves toward the
positive direction when the measure frequency dsa® It was reported that charges
trapped to the nc-RuO/ZrHfO interface are subjedht frequency change because they
are physically closer location to Si surfdée™®*Since the nc-RuO/ZrHfO interface traps
can keep pace with the low measure frequency, hdpped at this interface will tunnel
back to Si when the y/is swept to the voltage near the G-V curve’s pgasition, i.e.
Veg. The exchange of holes between the nc-RuO/ZrHi® 2ifO/Si interface regions
will reduce the energy loss of the capacitdrThere will be fewer trapped holes at the
low measure frequency than those at the high frecyuerhis is reflected on the lowering
of the G-V peak height and the positive shift of fpeak position at the low frequency
condition. Therefore, majority of the trapped elent are located in the bulk nc-RuO site.

However, holes are trapped to both the bulk nc-Bi®and nc-RuO/ZrHfO interface.
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4.4 .4 Differentiation of Deeply- and Loosely-Trapp&harges

Figure 51 shows the schematic energy band diagodnise nc-RuO embedded
ZrHfO MOS capacitor under the (a) unbiased, (b)ctetm-, and (c) hole-injection
conditions, separately. For simplicity, the tragtas instead of a thin interface layer at the
nc-RuO/ZrHfO contact region are included in the ddmagram since the latter's energy
band gap and conduction/valance band offsets w#pact to the surrounding materials
are still unclear. By assuming that the band gapveark function of the nc-RuO are the
same as those of the bulk RuO, the conduction baddvalance band offsets of nc-RuO
with respect to Si are different. According to ttiagram, in addition to the bulk nc-RuO
site, holes have a high probability to be trapptetth@ nc-RuO/ZrHfO interface site under
the negative { bias condition. Shét al."®*reported that the trapped charges can tunnel
back to the Si substrate through the interfaceatefat Si/tunnel oxide. Therefore, it is
reasonable to assume that charges are looselettagifghe nc-RuO/ZrHfO interface due
to the existence of defects. They are easier tapdéhan those trapped to the bulk nc-

RuO site at the low frequency condition.
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Figure 52 shows the relaxation current decay charatcs of the nc-RuO
embedded sample and the control sample. The capaa@ss stressed with a constant V
of -9 V or +9 V for 10 s. Then, the change of thiaxation current density &k, with
time was measured at a very smajldf 0.01 V. The relaxation current is defined as th
current leaking through the stack after releasingplied gate bias. It has an opposite
direction to that of the traditional leakage cutreémduced by the applied gv The
relaxation current of the nanocrystals embeddedaaty is contributed by two
components, i.e., the detrapping of trapped chaeges polarization/relaxation of the
embedded dielectric filt® In the nc-RuO embedded capacitor, since holeslutrons
may be trapped at different sites, their detrapmihgracteristics can be different. Their
relaxation currents have different behaviors. Fégb2 shows that the nc-RuO embedded
sample has a largeredi than the control sample has, especially for thease of the
trapped holes. Although the control sample has pbarge trapping capability, the high-
k material’'s bond polarization or relaxation camtiioute to the small dax Upon the
release of the stresgMHowever, the higheelax in the nc-RuO embedded capacitor is due
to the release of charges trapped to the nc-R@lsithe frequency-dependent C-V and
G-V sections, it was concluded that majority of thegpped electrons are deeply trapped
in the bulk nc-RuO, which are difficult to releaseder the very small ¢/measurement
condition. On the contrary, since a portion of ttegped holes are loosely retained at the
nc-RuO/ZrHfO interface, they may be easily releasét the application of a smallgy

which shows as the larggiskin Fig. 52.
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4.4.5 Current Transfer Characteristics Contribdtgdharge Trapping and Detrapping
The hole-trapping and -detrapping processes ohthBuO embedded capacitor
were further studied using the J-V curves, as showfkig. 53. The polarity of J is
defined as positive when the current flows towauntbssrate and negative when the
current flows toward the gate. Figure 53 shows tiat significant J-V hysteresis
phenomenon is detected when thgid/swept from O V to -5 V (step 1) then immedigtel
back to +5 V (step 2). A reference J-V curve, whids measured from O V to +5 V is
also included in this figure, which does not traglels. In step 1, the polarity of J is
negative and its magnitude increases with the asaef the -\ With the increase of -
Vg4, more holes are accumulated to the Si/high-k fater and at the same time, injected
to the embedded nc-RuO sites. However, in stepe2) quickly changes its polarity with
a small change of in the -5 V to -4.5 V region. Then, it remains pieg with the
increases of Yto the positive direction due to the detrappindpales. The hysteresis J-V
phenomenon can be explained by the Coulomb block#det that has been observed in
other nanocrystal-based memory devittéd®* The trapped holes during step 1 can pose
an energy barrier to prevent the subsequentlydejetioles from passing through the
dielectric stack to the gate electrode in stepiceSthe 2-D spatial density of nc-RuO is
~8x10™ cm? and the charge trapping density under the swemger of +6 V is
calculated to be ~1.2x}¥bcm?by Eq. 14, in average, no more than 2 chargesapped
by one nc-RuO dot. Therefore, the Coulomb blockeifiect plays an important role in

the current leakage process.
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On the other hand, the step 2 curve contains twopguwhile no jumps are
observed in the reference J-V curve. The hole-gping process is responsible for these
jumps. In step 2, when the,¥6 moved from -4.5 V toward 0 V, a small jump atrmj A
is observed near g+ -1.5 V, which is close to theg¥ of the forward C-V curve, as
shown in the inset of Fig. 43. This current jumgasitributed by the sudden detrap of the
loosely-trapped holes, which are probably locatedha nc-RuO/ZrHfO interface as
previously discussed. This detrapping phenomenaorbes obvious when the band
structure turns to the flatband condition. A morenmunced current jump at point B is
observed at aroundy\= 0 V. The change of theg\polarity causes the further release of a
large number of the remaining trapped holes. Inheange of +1 V to +3 V, very few
remaining holes are released or electrons aretegedcom the Si substrate, which shows
as the very slight increase of J with the increzfsé;. When the Y is larger than +3 V,
the electron injection phenomenon becomes obviadsaasignificant increase of the J
with the increase of yis observed.

To further investigate the charge detrapping meshasy the capacitor's ramp
and relaxation currents, i.€.;anh and siax, were measured using the ramp-relax
method®® First, a stepwise ramping voltage is applied ® ¢tApacitor to measure the
Jamp Then, in each step, thgiak is measured atg/= 0.01 V immediately after removing
the gate bias for a short period, i.e., 0.5 s.dnegal, the dmp and &i.x have opposite
polarities. However, once the gate dielectric filneaks down, theql abruptly jumps up

to a high value and shows the same polarity asthge
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The JampVg and &V curves of the control and nc-RuO embedded sanmples
the positive \, range are shown in Fig. 54(a) and (b), respegtivEhose in the negative
Vg range are shown in Fig. 54(c) and (d). The polaitdampis positive when the current
flows to the substrate; it is negative when theenirflows to the gate electrode. The nc-
RuO embedded sample breaks down at a lowghah the control sample does because
the nc-RuO is conductive. In addition, Fig. 54(hpws that both samples have similar
Jelax When the  was swept in the positives\fegime. However, when thegWas swept
in the negative regime, the nc-RuO embedded sahgdea larger dax than the control
sample has, as shown in Fig. 54(d). This is esfygahvious at the large -y/condition.
The above results are in agreement with the pravidiscussion that the injected
electrons can be deeply trapped in the bulk nc-Rii®while a portion of the injected
holes are loosely trapped at the nc-RuO/ZrHfO fats. The detrapping of the loosely-
trapped charges is for the cause of the largealnii.. However, the deeply-trapped
charges are difficult to release at the small Which do not contribute to the additional
relaxation current. Previously, it was reported tihe J.iax Of the non-embedded high-k
capacitor changed the polarity abruptly when thelediric layer broké®® The same
phenomenon occurs on the control sample in botmégative and positive gdegimes.

It is also observed on the nc-RuO embedded sammpkhea positive Y regime, i.e.,
electrons-trapped condition. Therefore, even thotigh high-k film breaks down, the
deeply-trapped electrons are still strongly helth@ bulk nc-RuO sites. On the contrary,
for the nc-RuO embedded sample swept in the negatdgime, i.e., holes-trapped
condition, the Jiax retains the same polarity before and shortly dfterbreakdown. This

is because the loosely-trapped holes, i.e., ai¢hRuO/ZrHfO interface, can be released
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in spite of the breakdown of the bulk ZrHfO film.

4.4.6 Retention Characteristics of Holes and Etexsir

Figure 55 shows the charge retention charactesisificthe nc-RuO embedded
capacitor. For the electron retention conditioe, ¢hpacitor was stressed gt/+9 V for
10 s. For the hole retention condition, the capaaias stressed aty\# -9 V for 10 s.
The inset of Fig. 55 shows the short-term, i.e200 s, retention curves. About 25 % of
the trapped holes were lost in the first 50 s affter release of the stressg.Vhis is
similar to the other report on the hole-detrappgihgnomenon®’ However, a very small
portion of the trapped electrons were releasethenfitst 50 s. After release of the stress
V4 for 100 s, both holes and electrons were slowlyased with a logarithmic decay rate
of 0.025 and 0.024, respectively. The difference electron and hole retention
characteristics is consistent with previous disicussthat electrons are strongly trapped
in the bulk nc-RuO site but holes are either stipmigapped in the bulk nc-RuO site or
loosely trapped at the nc-RuO/ZrHfO interface. Thesely-trapped holes are quickly
detrapped after the removal of the biag Xfterwards, the strongly-trapped holes are
slowly and gradually released. Figure 55 shows #hktrge gap of 0.98 V between the
two curves is obtained after 3.6%16. This kind of charge retention characteristis i
suitable for the memory applicatioff The long-term retention curves of holes and
electrons can be separately fitted by the logaiithapproximation, which projects a

distinguishable 0.53 V window after 10 years.
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122

4.5 Summary

Material properties and memory functions of theRu® embedded ZrHfO MOS
capacitor have been studied in a fundamental wagy, trapping and detrapping
mechanisms of holes and electrons. The formatiodisifretely-dispersed nc-RuO dots
within the amorphous ZrHfO high-k film after the ®3C RTA condition has been
confirmed. An interface layer between the nc-Ru@ smrrounding ZrHfO, which has a
structure different from that of the bulk ZrHfOrfi| was detected by XPS. This device
has a large memory window of 1.72 V with thg S¥veep range of +9 V, which is mainly
contributed by the hole-trapping mechanism. Thetrobrsample has negligible charge
trapping capability. Both Yy bias- and time-dependent charge trapping testa shat
hole trapping is more efficient than electron triagp which may be due to the different
charge supply mechanisms and trapping sites. Fregesependent C-V and G-V
measurement results show that the trapped holeseasstive to the measure frequency,
while the trapped electrons are not. The hole- @edtron-trapping mechanisms can be
explained with the detailed energy band diagranthBwoles and electrons can be deeply
trapped to the bulk nc-RuO site, while a portionhofes are loosely trapped to the nc-
RuO/ZrHfO interface. This phenomenon is also re#ldcin the different charge
detrapping properties such as different magnitudéhe relaxation currents and ramp-
relax current response when the capacitor is bdoken. The retention result shows that
the loosely-trapped holes at the nc-RuO/ZrHfO faiesgs are released quickly, while the
deeply-trapped holes and electrons in the bulk n®Rites can be strongly held. The nc-
RuO embedded ZrHfO high-k dielectric structure gaovide a large memory window

for a long period of time, which is suitable foethonvolatile memory application.
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CHAPTER V
DUAL-LAYER NANOCRYSTALLINE INDIUM TIN OXIDE AND ZIN C OXIDE

EMBEDDED ZrHfO HIGH-K NONVOLATILE MEMORIES*

5.1 Introduction and Motivation

In Chapter IV, discrete nc-RuO dots embedded ZrHigh-k MOS capacitor has
been fabricated and studied. This kind of deviceowsd promising memory
characteristics that can meet the nonvolatile mgnoperation requirements. Although
nc-RuO has been demonstrated that can serve as @@rde trapping medium, its
valence band offset with respect to the surroundidfO is relatively low, i.e., ~ 0.6 eV.
In this case, the trapped holes may tunnel ba& substrate without overcoming a large
energy barrier. Therefore, replacing nc-RuO witheotconductive oxide materials that
have a higher energy band offset structure withegetsto ZrHfO is important. In addition,
when nano-size conductive oxides are used as thrgehrapping media, they can offer
advantages of both metals and semiconductors dineitohigh work functions and large
band gap$? For example, they may provide a large densitytafes around the Fermi

level ®® meanwhile allow mid-gap trap states for a highacity and deep charge trapping.

*Part of data reported in this chapter is reprodufrem “Nonvolatile Memories with
Dual-Layer Nanocrystalline ZnO Embedded Zr-DopedOHHigh-k Dielectric”, by
Chen-Han Lin and Yue Kudslectrochemical and Solid-Sate Letters, 13(3), H83-H86
(2010), by permission of ECS-The Electrochemicali&y.

*Part of data reported in this chapter is reproduéem “Single- and Dual-Layer
Nanocrystalline Indium Tin Oxide Embedded ZrHfO Hhlk Films for Nonvolatile
Memories — Material and Electrical Properties”,@yen-Han Lin and Yue Kudpurnal

of The Electrochemical Society, 158(8), H756-H762 (2011), by permission of EC®Th
Electrochemical Society.



124

Among conductive oxide films, indium tin oxide @) and zinc oxide (ZnO) are
particularly promising due to their well-known ma#d properties and compatibility to
the standard MOSFET process. ITO is an importanboystal candidate for the FG
memory structure because of its large work funcfieh7 eV) and wide band gap (~3.5
eV) 19170 has been also used as the hole-injecting aimottes organic light emitting
device and many other optoelectronic prodd€tswhich demonstrate the charge
conducting capability of ITO. On the other hand(¥is also a wide band g&p3.3 eV)
semiconductor with a large work functier4.5 eV)’>*?ZnO can be prepared into the
nanocrystalline form for various electronic and agdéctronic applications>*"* The
sputtered ZnO film is a n-type semiconductor caniej a large number of defects, such
as Zn interstitial (Z) and oxygen vacancy (), which may work as deep trapping sites,
i.e., below the conduction band edd&!’’ Table 4 compares the band structure
characteristics among nc-RuO, -ITO and -ZnO, ebxgnd gap, work function, and
conduction band (f and valence band (Eoffsets with respect to ZrHfO film. For the
nc-ITO and -ZnO, their £and E offsets with respect to ZrHfO are both in a goadge,

therefore, good charge retention properties arecep.
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Table 4. Comparison of energy band gap, work femgtconduction band, and valence

band offsets with respect to ZrHfO film of nc-cowtlue oxide candidates: nc-RuO, -

ITO, and -ZnO.
it @Y c work: E. offset E, offset
g function to ZrHfO to ZrHfO
nc-RuO ~2.9 45 =25 ~0.6
nc-ITO =35 ~4.7 ~1.3 ~1.2
nc-ZnO ~3.3 ~4.5 ~1.4 ~1.3
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Moreover, for the nc-RuO embedded ZrHfO capaciiscussed in Chapter IV,
not all the injected carriers can be totally trappe the FG structure during the
programming process. This is judged from the maomcteelationship in the gate stress-
time dependent charge trapping process. Some af @ keep tunneling toward the
gate electrode, which degrades the programmingiefity. In order to overcome this
concern, the FG memory that contains dual nanaarystyers structure has been
fabricated and studied in this study. Figure Sésiitates the advantages of the dual-layer
FG structure over the single-layer counterpart: li@her nanocrystal (i.e., charge
trapping site) density, (b) better programming adincy, and (c) better retention
properties. During the programming condition, thegoamming efficiency can be
improved by adding the top nanocrystal layer indhee dielectric stack, which not only
increases the opportunity to trap charges, but plewents charge leaking from the
bottom nanocrystal layer from reaching the gatectedde. In addition, during the
retention condition, the charge loss from the tapactrystal layer can be alleviated due
to the Coulomb blockade effect caused by the clsairgg@ped in the bottom nanocrystal
sites'"®In this study, the single- and dual-layer nc-IT@ aBnO embedded ZrHfO MOS
capacitors have been fabricated and studied for thaterial and electrical properties.
This kind of FG structure is potentially importafdr next-generation nonvolatile

memory applications.
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Figure 56. lllustrations of advantages of usingldager FG structure: (a) Higher charge
trapping site density, (b) better programming eéficy, and (c) better retention

properties.
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5.2 Experimental

MOS capacitors composed of single and dual nc-Im®-ZnO layers embedded
in the ZrHfO high-k film were fabricated on the ype Si (10° cm®) wafer. For the
single-layer nc-ITO and nc-ZnO embedded samplesdls nc-ITO” and “single nc-
ZnO” from now on), the bottom ZrHfO (tunnel oxid@D or ZnO/top ZrHfO (control
oxide) stack was sputter-deposited sequentiallgne-pump-down without breaking the
vacuum. Both ZrHfO layers were deposited from thme Zr/Hf (12/88 wt %) target at
60 W in the 1:1 Ar/Qambient, i.e., 2 min for the tunnel oxide and 1@ for the control
oxide, respectively. The ITO layer was sputterednfia ITO (In/Sn:90/10 wt %) target at
80 W in the Ar ambient for 30 s. The ZnO layer wpsittered from a Zn target at 60 W
in the 1:1 Ar/Q ambient for 3 min. The above ITO and ZnO sputtgrdeposition
conditions could deposit a ~2 nm film based onekgerienced deposition rate under the
same sputtering conditions. Recall the experimgydaal in Chapter 1V, the optimized Ru
deposition time is 1 min, which also can deposi2anm film, to be embedded in the
ZrHfO stack for memory applications. On the othandh, for the dual-layer nc-ITO and
nc-ZnO embedded samples (“dual nc-ITO” and “duaZn®©” from now on), the film
deposition conditions are the same as those ositigde-layer samples except that the
control ZrHfO layer in the latter was replaced witle ZrHfO (5 min)/ITO (30 sec) or
ZnO (3 min)/ZrHfO (5 min) tri-layer. The controlsgle, i.e., containing only the ZrHfO
gate dielectric without the embedded nanocrystajerl was prepared, i.e., with a
sputtering time of 12 min, for comparison. All sdeg were treated with the post
deposition annealing (PDA) step using a RTA sys&mither 80FC or 900°C under

the N, ambient for 1 min. Another PDA at 86G under the Blambient for a longer time,



129

i.e., 2 min, was also carried out. The gate eleetrsvas composed of the sputtered
aluminum (Al), which was patterned with a lithoghgpstep and wet etched into dots of
the 100pum diameter. The backside of the wafer was depositigtdl Al for the ohmic
contact. The complete capacitor was annealed by RTiarming gas (WH»:90/10) at
300°C for 5 min. Figure 57 shows the 1 MHz C-V hystexesirves and corresponding
C-V windows (insets) of (a) single nc-ITO and (b)gie nc-ZnO samples prepared under
different PDA conditions. Both samples show a latgaemory window under the PDA
at 800°C for 1 min. The memory window decreases with thedase of the annealing
temperature and annealing time may be attributetedhicker Si/ZrHfO interface layer
grown. The decreased electric filed drop acrossiutheel oxide layer lowers the coupling
between the FG and Si substrate, which decreaseshérge trapping phenomenon.
Therefore, in this study, only the capacitors atetbaat 800°C for 1 min were

investigated.
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Figure 57. C-V hysteresis curves (measured at 1 Mddw corresponding memory

windows (insets) of (a) single nc-ITO and (b) senglc-ZnO samples prepared under

different PDA conditions, i.e. at 80T for 1 min (800N2-1m) and 2 min (800N2-2m),

and at 900C for 1 min (900N2-1m).



131

5.3 Material and Electrical Properties of Singled ddual nc-ITO Embedded ZrHfO
High-K Gate Dielectric Stacks
5.3.1 Physical and Chemical Properties of Single Boal nc-ITO Embedded ZrHfO
Bulk High-K Films and Interface Layers

Figure 58(a) shows the HRTEM micrograph of the cardample. There is no
visible lattice fringe observed, therefore, the BKdHilm is amorphous even after the high
temperature PDA step. The XRD pattern of the cérgample does not contain ZrHfO
crystalline peaks, as shown in Fig. 58(b), alsofioms the amorphous structure in the
ZrHfO film. Figure 59 shows the HRTEM micrographfstioe (a) single- and (b) dual-
layer ITO embedded ZrHfO gate samples. For thelsing-ITO sample, the discrete
nanodot, as highlighted in the circle, embeddethenamorphous ZrHfO film is clearly
observed. The nanodot has a lattice spacing oftah286 nm corresponding to the ITO
(222) orientatiort”® For the dual nc-ITO sample, two separate layedisafrete nanodots
are observed. The separation of the top and bottoiTO layers is important to the
device's leakage current and charge retention cheniatics:’® Figures 58(a) and 59
show that the total thickness of the complete Higitack increases with the inclusion of
the nc-ITO film, i.e., from 5.4 nm (control sampte)6.7 nm (single nc-ITO sample) and
8.3 nm (dual nc-ITO sample). An interface layer) (it observed between the Si wafer
and the ZrHfO layer. The IL thickness increasesiite increase of the number of the
embedded nc-ITO layer, i.e., 3.4 nm in the consahple, 4.3 nm in the single nc-ITO
sample, and 4.6 nm in the dual nc-ITO sample. Busly, it was reported that oxygen
diffusion through the high-k film, which containsagn boundaries or defects, is easier

than that through the amorphous drfeCompared with the control sample that contains
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amorphous ZrHfO film, the nc-ITO embedded samplaetaios defects, e.g., the nc-
ITO/ZrHfO interface region. The ITO sputtering pess also contains oxygen. They all

enhance the Si/ZrHfO interface layer growth.

(a) Control sample

. 5i substrate
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Figure 58. (a) Cross-sectional HRTEM micrograph &by XRD pattern of control

sample.
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Figure 59. Cross-sectional TEM micrographs of (aple-layer nc-ITO and (b) dual-

layer nc-ITO embedded ZrHfO gate stacks on Si.
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Figure 58(a) shows that another interface layey.,, .8 nm thick, was formed
between the Al electrode and underneath ZrHfOa# the AJOs structure judged from
the Al 20 XPS spectrum, as shown in Fig. 60(a). This intaflayer has a high energy
barrier with respect to the Al gate, i.e., 2.8'8¥It adds to the effective thickness of the
control oxide layer, which greatly reduces the pwkty of injection of electrons from
the gate electrode to the high-k stack under tigatnge gate bias condition. Figure 60(b)
shows the EDS spectrum of the Si/ZrHfO interfacgefta It contains Hf, Si, and O,
probably contributed by the Hf-silicate (HfS)Cstructure'®°Since HfSIQ has relatively
low conduction and valance band offsets with respecSi compared with those of
Si0,,**% charges can be easily injected to the high-k stabich favors the programming

efficiency.
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Figure 60. (a) Al p XPS spectrum of Al/ZrHfO interface layer. (b) EBBectrum of

Si/ZrHfO interface layer.
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Figure 61(a) shows the top-view TEM micrographed single-layer nc-1TO on
top of the ZrHfO film, which has a 2-D spatial digp®f about 1.810' cmi®. The grain
size of nc-ITO dots is 3 nm to 5 nm. Figure 61(bypws the XRD pattern of the dual-

layer nc-ITO embedded ZrHfO sample, which confitims (222) crystalline structure of

the ITO.
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Figure 61. (a) Top-view TEM micrograph and (b) XRBttern of single- and dual-layer

nc-ITO embedded ZrHfO films, respectively.
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Figure 62 shows the XPS Hf dpectra of the (a) control, (b) single, and (caldu
nc-ITO embedded samples. All figures contain thedft peak with a binding energy
(BE) of 17.2 eV, which can be deconvoluted into HifeO and Hf-Si-O components.
These components are probably contributed by thke BtHfO film and HfSiQ-like
interface at the Si wafer contact regidhThe intensity difference between the Hf4
and Hf 45, peaks decreases with the increase of the numb#reoémbedded nc-ITO
layers. Compared with the control sample, both T@-kembedded samples contain an
extra Hf 4, peak with the BE 17.8 eV, which is contributed by HfSiQ-like structure
at the Si interface or other Hf-related bonds ia Bulk high-k film. The latter is more
possible than the former because 1) the areaahtize 17.8 eV peak to the complete Hf
4f peak increases from 28 % in the single nc-ITO damp 40 % in the dual nc-ITO
sample, and 2) the Spdeak (shown in Fig. 63(a)) is barely detectablthese samples
and its intensity decreases in the order of thd dodTO, the single nc-ITO and the
control samples due to the change of the high-kkskayer thickness. Therefore, it is
possible that an interface layer is formed at the¢Ti©/ZrHfO interface region within the

bulk high-k stack.
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single nc-ITO, and (c) dual nc-ITO samples.
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Figure 63(b) shows that the intensity differencesMeen the Zr 8s, and Zr 33/,
peaks decreases with the increase of the numhéeafc-ITO layers, which follows the
same trend as the change of the Hpdak intensity. Therefore, Zr may be also involved
in the formation of the nc-ITO/ZrHfO interface lay&igure 63(c) and (d) show the XPS
spectra of In @ and Sn 8 of the single and dual nc-ITO embedded samplepecively.
Both In and Sn are fully-oxided, i.e., in the@ and SnQ@ forms. The peak height and
size of these elements increase with the numb#dreoémbedded ITO layers because the

dual nc-ITO sample contains more In and Sn tharsitigle nc-ITO sample does.
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Figure 63. (a) Si (b) Zr 3, (c) In 3, and (d) Sn 8 XPS spectra of control, single and

dual nc-ITO samples.
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5.3.2 Electrical Properties of Single and Dual fi®IEmbedded ZrHfO High-K MOS
Capacitors
Dual-Layer Effects on Memory Functions Contributed by Charge Trapping

Figure 64 shows the C-V hysteresis curves (measatrédViHz) of (a) single and
(b) dual nc-ITO samples with the,¥eing swept from positive to negative (forward)da
then back to positive (backward), in the range ®W4to +7 V. Figure 64(c) shows the C-
V hysteresis curve of the control sample measutédya= +7 V. The very small gap
between the forward and backward curves of therobsample indicates its poor charge
trapping capability. However, when the nc-ITO dats embedded in the ZrHfO film, the
C-V hysteresis phenomenon becomes obvious. For@eathe charge trapping densities
(Q’s) of the single and dual nc-ITO samples untler\f = £7 V condition are estimated
to be 1.&10" cm? and 3.kx10% cm?, respectively, based on Eq. 14. Therefore, the
embedded nc-ITO is an effective charge trappingiomedn the bulk ZrHfO film. For
both nc-ITO embedded samples, all the forward Qs#kes overlap with that of the fresh
sample regardless of the magnitude of the initisdep 4. This means that the addition
of the nc-ITO dots does not enhance the electapping capability. In contrast, their
backward C-V curves shift with respect to the magie of the -\. This means that
holes were trapped to the nc-ITO embedded ZrHfCerlagnd the amount of holes
injected and trapped to the nc-ITO site increasél the magnitude of the v The
forward and backward flatband voltages-£¥) and corresponding memory windows,
i.e., the difference between the forward and bac8wésg's, of the nc-ITO embedded
samples are shown in Fig. 64(d). The dual nc-IT@@a has a larger memory window

than the single nc-ITO sample in the samesWeep range because the former contains a
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larger number of nc-ITO dots.
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Differentiation of Hole and Electron Trapping

In order to further understand the charge trappmgchanism in the nc-ITO
embedded sample, C-V curves after the positivenagative \j stresses were measured.
For example, it was stressed gt=V-8 V for 10 ms to imitate the hole-trapping corudit
or at \; = +8 V to imitate the electron-trapping conditiomelmethodology of this CVS
method can be found in Chapter IV. The control demyas also tested under the same
condition. Figure 65(b) shows that the control skpas negligible C-V shifts after
either +8 V or -8 V stress condition, which furtfeamfirms the lack of charge trapping
capability of the ZrHfO high-k film and its inteda layers. In contrast, they\t -8 V
stressed nc-ITO embedded samples show negativeskdHg due to the hole trapping, as
shown in Fig. 65(a). The p¢ shift of the dual nc-ITO embedded sample is mbant
doubled that of the single nc-ITO embedded same,0.61 V vs. 0.25 V. Therefore,
the embedding of the second nc-ITO layer incretdsesc-ITO density and enhances the
hole-trapping capability. Since the ZrHfO film aitdl interfaces lack the charge trapping
capability, the embedded nc-ITO layers are respbmsifor the hole-trapping
characteristics. On the other hand, C-V curveshef Yy = +8 V stressed nc-ITO
embedded samples are almost the same as that véshesample indicating the lack of
electron-trapping capability. This is probably teth to the ITO’s unique electrical
properties, e.g., it is a highly-degenerated n-s@miconductot®* When the capacitor is
positively biased, the injected electrons may bpped to the conduction band of the nc-
ITO, which has a high potential enerfyThey may be easily released back to the Si
wafer when the gate bias is released. The resifdiias stress test as shown in Fig. 65

is consistent with that of the C-V hysteresis measent, i.e., the memory functions of
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the nc-ITO embedded memory capacitor is mainly rdomted by the hole-trapping

mechanism. Currently, most reports on the nanocalrgstsed nonvolatile memories are
operated by the principle of electron-trapping asetrapping phenomena. If the memory
device can be also operated by the hole-trapping-@etrapping mechanism, the design

and applications of memory products can be gréatgdened.
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In addition, it has been observed that the f\ghof the control sample is more
negative than those of the nc-ITO embedded samplas. indicates that the nc-ITO
embedded sample contains less positive chargespgygen vacancies, than the control
sample. Previously it was discussed that the nc-¢hthedded sample has a thicker IL
layer than the control sample due to the enhanggdem diffusion through the high-k
stack during the PDA process. The amount of oxygacancy in the gate stack is
reduced due to the additional oxygen sugpiyThe ITO sputter process involves oxygen,
which also favors the growth of the IL.

Dual-Layer Effects on Hole-Trapping Process

Since the hole-trapping mechanism is critical ia gerformance of the nc-ITO
embedded ZrHfO device, it is imperative to studieets of magnitude of the stresg V
and the stress time on the hole-trapping efficieiégure 66(a) shows shifts of theg/
of the single and dual nc-ITO samples (with respgecVrg of the fresh device) after
being stressed with varioug, e.g., \{ = -5V to -9 V, for 10 ms. For both samples, the
magnitude of the negativery shift increases with the increase of the magnitidthe
Vg The increase is more pronounced for the dualli@4ample than for the single nc-
ITO sample, i.e., the former has a larger holeghag density and is more sensitive to the
magnitude of bias ythan the latter. On the other hand, Fig. 66(bshshifts of the Vs
with the stress time, i.e., from 0.1 ms to 1 sth# single and dual nc-ITO embedded
samples at the fixed\of -8 V. For the single nc-ITO embedded sample,rttagnitude
of the V&g shift increases monotonically with the stress timbich is due to the charge
leaking phenomenol?? The shift of \tg of the dual nc-ITO embedded sample is much

larger than that of the single nc-ITO embedded $amipthe very short stress time, i.e.,
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less than 10 ms. This means that under the largatine \j stress condition, the
programming efficiency can be greatly improved logiag the second nc-ITO layer to

the high-k film.
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Figure 66. Shifts of W of single and dual nc-ITO samples vs. (g)stfess at fixed stress
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The high hole-trapping density of the dual nc-IT@ngle is contributed to the
large density of nc-ITO dots. Moreover, the veltegparation of two embedded nc-ITO
layers is beneficial to the retention of injectedles in the high-k stack. During the
charge injection process, holes could tunnel thinotlge whole dielectric layer if the
magnitude of { is large enough. In the dual nc-ITO sample, hatesfirst trapped to the
bottom nc-ITO site. Then, the rest holes can haped to the top ITO site. Holes trapped
to the top nc-ITO sites could hinder other holesrfipassing by them to reach the top Al
electrode due to the Coulomb block efféétTherefore, the second nc-ITO layer not
only increases the number of hole-trapping sitesdiso enhances the hole retention
capability.

Investigation of Hole-Trapping Stes

Similar to the nc-RuO embedded capacitor discuss€&hapter IV, there are two
possible charge trapping sites in the nc-ITO embddshmple, i.e., the bulk nc-ITO dot
and nc-ITO/ZrHfO interface. Holes trapped at difietr sites may have different retention
characteristics. It is important to investigate thkarge trapping and detrapping
characteristics of holes in the nc-ITO embeddedpdantigure 67 shows the frequency-
dependent C-V and G-V curves measured at 100 kdZ dviHz of the (a) control and (b)
single and dual nc-ITO embedded samples. Thewv&s swept from -7 V to 3 V to
investigate the hole-trapping characteristics. #@& control sample, the peak location
shifts slightly but the height remains the saméhlite change of the measure frequency.
This may be contributed by the relatively small f@mof interface states at the high-k/Si
contact region. The slightly flattening of the Ceurve at the low frequency also reflects

this kind of defect.
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However, for the nc-ITO embedded samples, the dispes of C-V and G-V
curves are pronounced. Compared with the high &equ C-V and G-V curves, the low
frequency C-V curve shifts more positive and appéarespond to thegsweep slower,
i.e., flattened off. The G-V curve also shifts teetpositive \ direction with a lower
height. The frequency-dependent phenomena inditaesome holes may be loosely
trapped at the nc-ITO/ZrHfO interfacE8. These holes are physically close to the high-
k/Si interface. They may respond to the low mea$tgguency slowly and are easy to
tunnel back to the Si substrdf@. Therefore, during the /sweep, the detrap of the
loosely-trapped holes may occur when the energyl lstructure reaches the flatband
condition. This is why under the low measure fremye the C-V curve is flattened off
and shifts positively when the Ms swept to around pd. The frequency-dependent
phenomena are more obvious in the dual nc-ITO sathgaln those in the single nc-ITO
sample because the former has more nc-ITO dotshemdfore, nc-ITO/ZrHfO interface
areas.

Dual-Layer Effects on Hole-Detrapping Properties Related to J-V and Retention

In order to further investigate the hole-detrapppiienomena in the nc-ITO
embedded samples, the J-V measurements were cauigds shown in Fig. 68. The,V
was swept from -6 V to +6 V so that holes can bppea in the negative fange and be
detrapped in the positivegVange. There are obvious current jumps in bothcliWes.
The jump A is mainly contributed by the releasetbé trapped holes at the nc-
ITO/ZrHfO interface when the ywas moved from the large value to neag.VAt the

jump A point, the J is increased from 810° A/cm? to 4.%10® A/lcm? for the dual nc-

ITO sample and from 2x110° A/cm?® to 2.5<10° A/cm? for the single nc-ITO sample.



148

The larger jump in the former is related to thegéarnumber of the originally trapped
holes. The jump B occurs neag ¥ 0 V. It is due to the change of thg polarity. The

dual nc-ITO sample has another large jump at Cclvis not obvious in the single nc-
ITO sample. This is because holes trapped at thenwmITO layer require a higher

positive \j to push them out.

)

& 1.0E-06

dual nc-ITO ¢

Current Density (A/cm

Gate Voltage (V)

Figure 68. J-V curves (measured from -6 V to +6 ¥3iagle and dual nc-ITO samples.

Three kinds of current jumps are also denoted.
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Figure 69 shows the charge retention propertiethefsingle and dual nc-ITO
embedded samples after being stresseq, a&t-8 V for 1 s. Since the dual nc-ITO sample
can trap a larger amount of holes than the singleT® does after the same gate stress
condition, the charge remaining should be calcdldtem the following equation to

better represent the charge retention propertes, i

Charge remaining (%) = Vg (1) =V (fresh)
V (stress) — Ve, (fresh)

[15]
where \kg(stress) is the device'sg¥ after the \j stress, Ws(fresh) is the g of the fresh
device, i.e., before the stress, ang(Y) is the device’s W after releasing the stresg V
for time t. The \tg's were determined from the C-V curves measured awery small
Vg4 range of -2 V to 1V, which traps a negligible ambof charges. The two retention
curves in Fig. 69 show similar trend. For the fii€l10 s, both samples lose charges
drastically, e.g., 40 % for the single nc-ITO saenghd 25 % for the dual nc-ITO sample.
Then, the charge loss rates reduce slowly, e.§q #om 100 s to 10,000 s for both
samples. For the single nc-ITO embedded sampldirghdig drop is due to the detrap of
the loosely-trapped holes from the nc-ITO/ZrHfCedib the Si wafer immediately after
the release of the stresg.\hen, the strongly-trapped holes in the bulk Hie-Isites are
gradually released. Eventually, a large portiotheforiginally trapped holes, i.e., >50 %,
are retained in the device after 10,000 s. The dedlTO sample has a much larger
charge retaining capability than the single nc-Ig&nple because the Coulomb blockade
effect of the bottom nc-ITO layer hinders the higlakage from the top ITO layer to the
Si wafer. The inset in Fig. 69 shows that about¥d@nd 55 % of trapped holes still

remain in the single and dual nc-ITO sample, respay, after releasing the stresg V

for 10 years. This is a desirable characteristid¢tie nonvolatile memory.



100% [}
= dual nc-ITO
= 80% -
c
= After
= -8V 1s stress
Q 60% -
) m:’é’ [ dual nc-ITO _
o o Jomas........... 55% single nc-ITO
g 40% i dﬂ:& ! smg.ll:nc-ITO40%
zgﬂi 10yr5 .......... .l
20?/ 1.0E+02 1.0E+04 1.0E+06 1.0E+08
(1] T T T TTTTTT T T TTTTTT T T T T TTTTT T T T T TTTT
1 10 100 1000 10000

Retention Time (sec)

150

Figure 69. Retention properties of holes trappediimgle and dual nc-ITO samples.
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5.4 Material and Electrical Properties of Singled dbual nc-ZnO Embedded ZrHfO
High-K Gate Dielectric Stacks
5.4.1 Physical and Chemical Properties of Singleé Baoal nc-ZnO Embedded ZrHfO
Bulk High-K Films and Interface Layers

Figure 70(a) shows the top-view TEM micrograph lo¢ single-layer nc-ZnO
embedded ZrHfO film. The grain size of nanodot8 ism to 8 nm, and the 2-D spatial
density is about 1.430™ cm?® The nanodots are crystalline ZnO with (100)
orientatiort®® detected by XRD, as shown in Fig. 70(b). The abseai crystalline ZrHfO
peaks in the XRD pattern confirms that the ZrHf® @mamorphous, which is consistent
with the result of the nc-ITO embedded ZrHfO filitherefore, the amorphous structure
of the ZrHfO film did not change with embedding Z©. Figure 71(a) and (b) show the
cross-sectional TEM micrographs of the single- dodl-layer ZnO embedded ZrHfO
gate stacks without the top Al gate layer, respebti In the single-layer embedded
sample, discrete nanodots, as highlighted in crchre dispersed in the amorphous
ZrHfO matrix. In the dual-layer embedded sampley tayers of discrete nanodots are
observed. They are vertically separated, whichimsila to the dual-layer nc-ITO
structure. The total thickness of the complete Hkighack increases with the inclusion of
the nc-ZnO film, i.e., from 5.4 nm (control sampte)6 nm (single nc-ZnO sample) and
6.6 nm (dual nc-ZnO sample). Also, the amorphouSi®f IL’s with thickness 3.7 nm
were formed in both single- and dual-layer embedstauples between ZrHfO and Si.
Again, HfSiQ has relatively low band alignments with respecSitcompared with those

of SiOy, which favors the programming process.
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Figure 71. Cross-sectional TEM micrographs of (aple-layer nc-ZnO and (b) dual-

layer nc-ZnO embedded ZrHfO gate stacks on Si.
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In contrast to the nc-ITO embedded samples thatvshaignificant IL growth
with the inclusion of the nc-ITO after PDA, the thickness only slight increased with
the nc-ZnO embedded in the high-k stack, i.e., f&hnm (control sample) to 3.7 nm
(both single and dual nc-ZnO samples). This diffeeemay be attributed to the different
oxygen diffusion phenomena in these two nanocrystaibedded high-k stacks. The
detailed causes will be discussed later in thigptdra The insets of Fig. 71(a) and (b)
show that the periodic lattice fringes of nanodntboth single- and dual-layer embedded
samples have spacing about 0.28 nm, which correlsponthe ZnO (100) layéf?

Figure 72(a) shows the XPS Hf gpectra of the (a) control, (b) single, and (c)
dual nc-ZnO embedded samples. All figures contha Hf 4, peak with a binding
energy (BE) of 17.2 eV, which is contributed by temmponents, i.e., bulk ZrHfO film
(BE = 16.8 eV) and HfSiQlike interface at the Si wafer contact region (BEL7.6
eV). However, in contrast to the nc-ITO embedded restifts intensity difference
between the Hf #4,, and Hf 45, peaks in the nc-ZnO embedded samples is independen
on the inclusion of nc-ZnO layer in the high-k &am addition, Fig. 72(b) shows that
the intensity difference between the Zk;3and Zr 3/, peaks is also independent on the
embedded nc-ZnO layers. These results imply thionly the formation of the interface
layer (at nc-ZnO/ZrHfO contact region) is not olwso but also the embedded nc-ZnO
layers do not change the chemical bonding strustafedf and Zr elements in the bulk
high-k film or in the IL. Figure 72(c) shows the 2p XPS spectra of the single and dual
nc-ZnO embedded samples. The peak at BE = 1020.Taekésponds to the ZnO

184

structure:™" The height and size of the Zip peak are much higher in the dual nc-ZnO

sample than those in the single nc-ZnO sample Isecthe former contains more Zn



155

atoms in the stack. Figure 72(d) shows that th2gpSXPS spectra were hardly detected,

and its intensity slight decreased in the ordethefdual nc-ZnO, the single nc-ZnO and

the control samples due to the slight change ohifle-k stack layer thickness.
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5.4.2 Electrical Properties of Single and Dual m9ZEmbedded ZrHfO High-K MOS
Capacitors
Differentiation of Hole and Electron Trapping

Figure 73 shows C-V curves of (a) single and (b&ldwc-ZnO samples before
(fresh) and after being stressed for 10 ms witlvrastant \, of -8 V or +8 V. The C-V
curves were measured at 1MHz over a small voltagge, i.e., -2 Vto 1 V. The -8 V
stress condition induced a hole-rich accumulatayet and the +8 V stress condition
induced an electron-rich inversion layer near tilbigh-k interface. Again, the control
sample has negligible C-V shift under either +8 \\®W\ stress condition, as shown in
the inset of Fig. 73(a). Figure 73(a) and (b) stibat after +8 V stress, the C-V curve
shift to the positive direction in both single ashaal nc-ZnO samples, i.AVgs = 0.43 V
and 0.98 V, separately, which corresponds to eadiapping densities (Q’s) of
1.34¢10* cm? and 3.0610" cm?, separately. The latter is comparable to thathef t
dual-layer nc-Si embedded Si®apacitor®® Judged from the Q of the single nc-ZnO
sample and nc-ZnO density, in average, each nc-daDstores about one electron,
which is in the same order of magnitude as thaice$i in SiQ.'**®' The increase of the
electron-trapping density from the addition of thecond nc-ZnO embedded layer is
consistent with the increase of the number of t&mO dots in the dielectric structure.
Therefore, the electron-trapping effect is crititmithe memory functions of the nc-ZnO
embedded ZrHfO capacitors. Figure 73(a) also shbatsafter -8 V stress, the C-V curve
of the single nc-ZnO sample shifts slightly to tlegative direction, i.eAVeg =-0.15V,
which indicates the trap of a small amount of holess not contributed by the ZrHfO

part of the film, as shown in the inset of Fig. &3(The low hole-trapping capability is
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probably related to nc-ZnO properties. Defectshsas Zn and \,, in nc-ZnO are sub-
conduction band trapping centers for electronsearstof holes’>*’” Therefore, only a
small portion of the injected holes were retainetha nc-ZnO site. For the dual nc-ZnO
sample, the negative shift of the C-V curve af@&¥-stress is negligible, as shown in Fig.
73(b). Since the dual nc-ZnO sample has a thinpercbntrol dielectric layer than the
single nc-ZnO sample, as shown in Fig. 71 (a) &dittmay be easier to inject electrons
from the Al electrode to the dielectric film or detrap holes from the nc-ZnO sites to the
Al electrode under the strong gate bias conditibowever, more studies are required to

verify the exact mechanism.
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Dual-Layer Effects on Memory Functions Contributed by Electron Trapping

Figure 74 shows C-V hysteresis curves (measurédwitiz) of (a) single and (b)
dual nc-ZnO samples swept from the fixed negatiye=\V2 V to positive Y (forward)
then back to -2 V (backward). In order to invedigdhe electron-trapping effect
dependent on the positive gate bias, the forwareepwstarting Y is fixed at a small
magnitude (-2 V) while the backward sweep startfygis varied from +4 V to +8 V.
Figure 74(c) also shows a small memory window i@ @+V hysteresis curve of the
control sample swept from -2 V to +8 V to -2 V, j.8.1 V, which further confirms the
poor charge trapping capability of the amorphoudf@r film. However, under the same
sweep condition, the memory window was increase@.4d V for the single nc-ZnO
sample and to 0.98 V for the dual nc-ZnO sample &lectron-trapping densities (Q’s)
of 1.4%10" cm? and 3.0610" cm? were obtained for the single and dual nc-ZnO
samples, separately. This is consistent with tige B3 result that the dual nc-ZnO sample
traps much more electrons than the single nc-Zn@pkadoes under the +8 V stress
condition. Separately, it was observed that the orgrwindow was enlarged with the
increase of the forward directiongVas summarized in Fig. 74(d). For example, for the
dual nc-ZnO sample, the memory window was increésed 0.12 V to 0.42 V and 0.98
V when the end of the forwardy,Was increased from +4 V to +6 V and +8 V, separately.
Under the same ¢/sweep condition, for the single nc-ZnO sample, ¢cbgesponding
memory windows were 0.12 V, 0.3 V, and 0.47 V, safdy. The magnitude of the
memory window difference between the dual and simgl-ZnO samples increases with
the increase of the gate sweep voltage. The highip® Vy enhances the formation of an

electron-rich interface layer and promotes electigection into the dielectric layer.
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Figure 74 demonstrates that there are two majdorfa@ffecting the electron-trapping
capability of the nc-ZnO embedded device: (1) tingpdy of energetic electrons from the

substrate, and (2) the density of the embeddedn@-dbts in the dielectric layer.
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Dual-Layer Effects on Electron-Trapping Process

Since the electron-trapping effect is critical h@ imemory function of the nc-ITO
embedded ZrHfO device, it is important to study #lectron-trapping process as a
function of magnitude of the stresg ®nd the stress time. Figure 75(a) shows shifts of

the Vs (A Veg) Of the single and dual nc-ZnO samples (with respe Veg of the fresh

device) after being stressed with variougsVe.g., \{ = +5 V to +9 V, for 10 ms. For

both samples, the magnitude of the positi¥&/ (g increases with the increase of the
magnitude of Y. In addition, for the dual nc-ZnO sample, theVeg is consistently

larger than that of the single nc-ZnO sample. Tioeeg the former has a larger electron-
trapping density and is more sensitive to the ntagei of \j than the latter. It is also
noted that under theg\= +5 V stress, the single nc-ZnO sample traps nétgiggmount
of electrons while the dual nc-ZnO sample showsgyaifscant electron-trapping effect,
i.e., AVgg = 0.41 V. This is because under such short stressdf 10 ms, the injected
electrons may have a larger opportunity to be edpgp the dual-layer nc-ZnO embedded
dielectric stack than in the single-layer embeddewdhterpart due to the former’s higher

trapping site density and unique vertically-sepadatual-layer structure.
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On the other hand, Fig. 75(b) shows th&/ g of the nc-ZnO embedded samples

after iy = +8 V bias as a function of the stress time. Ferdimgle nc-ZnO sample, the

magnitude ofA Vggincreases monotonically with the stress time, wiéchkimilar to the

single nc-ITO sample and other nonvolatile memayicks, e.g., nc-tungsten embedded
in HfAIO and nc-ruthenium oxide embedded in zZrHf&® Again, this kind of
relationship implies that some of the trapped ckargrobably were lost to the gate
electrode during gate stre$4.In addition, electrons injected from the substratgy not
be completely retained by the nc-ZnO dots in timglsi nc-ZnO sample. In the dual nc-
ZnO sample, the loss of electrons from the bott@rZmO layer during gate stress could
be reduced because they have to overcome the Cbutouokade effect generated from
electrons trapped to the top nc-ZnO layer befoaghing the gate electrod®.Since the
AVgg of the dual nc-ZnO sample is much largean that of the single nc-ZnO sample
within a very short stress time, e.g., < 10 ms, data programming speed is greatly
improved with the addition of the extra nc-ZnO lay@ addition, theA Vg of the dual
nc-ZnO sample is less dependent on the stressthiarethe single nc-ZnO sample is.

This is probably due to limited supply of electrdram the substrate or saturation of the

nc-ZnO charge trapping site within a short peribdtoess time.
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Investigation of Electron-Trapping Stes

Similar to the nc-ITO embedded capacitors, themkhbe two possibly physical
charge trapping sites in the nc-ZnO embedded samelethe bulk nc-ZnO site and nc-
ZnO/ZrHfO interface. However, judged from the XP&sults shown in Fig. 72, the
interface layer formation at the nc-ZnO/ZrHfO cattaegion is not obvious. The
injected electrons may not be trapped at this fiter Whereas, the detection limit of
XPS analysis only reaches about 0.1 %, which isseoisitive enough to rule out the
possibility that electrons indeed are trapped atrtb-ZnO/ZrHfO interface. In order to
clarify the electron-trapping sites in the nc-Zn@bedded sample, the frequency-
dependent C-V and G-V curves measured at 100 kidzZlaviHz were carried out. The
V4 was swept from 7 V or 8 V to -2 V or -3 V for irstegating the electron-trapping
characteristics. Figure 76 shows the correspondisglts of the (a) control and (b) nc-
ZnO embedded samples. Similar to the control saswept from -7 V to 3 V (shown in
Fig. 67(a)) that shows negligible dispersion, tbatml sample measured with sweep V
from 7 V to -3 V also shows non-dispersion phenoomeras shown in Fig. 76(a). This
can be attributed to the poor charge trapping dépabf the control sample. However,
Fig. 76(b) shows that the C-V curve did not flattdfy and the peak and location of the
G-V curve also did not shift when the measure fezqpy was decreased. Therefore, the
trapped electrons do not respond to the low medsemeency. It is very likely that most

electrons are deeply trapped in the bulk nc-Zn€ssit
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Dual-Layer and Trapping Ste Effects on Electron-Detrapping Properties Related to J-V
and Retention

Figure 77 shows the J-V curves of the single aral do-ZnO samples measured
from +6 V to -6 V to investigate the electron-dep@g process with respect to thg.V
The Vy was swept from +6 V to -6 V so that electrons cartrbpped in the positivegV
range. Figure 77 shows that the polarity of J cledrfigom positive to negative when the
Vg4 reached around 3 V. This is because, during theweep range of 6 V to 3 V, the
injected electrons can be trapped into the highakks Then, the trapped electrons can
inhibit the subsequently-injected electrons fromgnag through the high-k stack to reach
the gate electrode when thg ¥ < 3 V. The negative J is probably contributedtHg
detrapping of electrons that are not strongly hmsldhe bulk nc-ZnO dots. Even though
the Fig. 76 results indicate that most trappedtedas are deeply trapped in the bulk nc-
ZnO sites, some of them may not be strongly helte @ual nc-ZnO sample shows a
slight higher negative J than the single nc-ZnOarsince the former contains a higher
density of nc-ZnO in the bottom embedded nc-ZnCGedayherefore, the dual nc-ZnO
sample may also contain a higher density of theped electrons that are not strongly
held by the bulk nc-ZnO dots. Recall that the Ibpsapped charges, which are located at
the interface between the nanocrystal and surrogndielectric film, can be suddenly
detrapped when the Vs swept to near ps, and significantly detrapped when thgi¥
released. These kinds of charge detrapping pheremmem cause obvious current jumps
in the J-V curve, as discussed in the nc-RuO anlI@cembedded capacitors. The J-V
curves shown in Fig. 77 did not contain current pgminstead, J dropped to near zero

when the \,reached 0 V. This phenomenon implies that the amo@irthe loosely-
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trapped electrons in the nc-ZnO embedded capati&y be small, and they are already
thoroughly detrapped before thgr¢aches to the negative region. This kind of unidue
V characteristics confirms the lack of the intedafrmation at the nc-ZnO/ZrHfO

contact region in both single and dual nc-ZnO saspl
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Figure 77. J-V curves (measured from +6 V to -6 M3ingle and dual nc-ZnO samples.
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Figure 78 shows the electron retention propertieth® single and dual nc-ZnO
embedded samples after being stressedyat ¥8 V for 1 s. In contrast to the retention
property of the nc-ITO embedded capacitor, no qulkrge loss phenomenon which
occurred in the short-term retention stage wasrgbden the nc-ZnO embedded samples.
This further confirms the lack of loosely-trappdthges in the capacitor. Compared with
the single nc-ZnO sample, the dual nc-ZnO samptevsha better retention property

benefited from its dual-layer structure, i.e., @é 10-years charge remaining of 29 % vs.

10 %.
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Figure 78. Retention properties of electrons trdpipesingle and dual nc-ZnO samples.

Electrons were injected into the device bygs¥ress of +8 V for 1 s.
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5.5. Comparisons among Nanocrystalline Conductixal€s Embedded ZrHfO High-K
Gate Dielectric Stacks: nc-RuO, nc-ITO, nc-ZnO
5.5.1 Correlation between Electrical Property amdrface Layer at Nanocrystals/ZrHfO
The material properties of the interface layemfed at the nanocrystal/ZrHfO
contact region can be investigated by the XPS ammalyBoth Hf and Zr elements get
involved in the formation of this interface. Chasgeapped at the nanocrystal/ZrHfO
interface are sensitive to the low measure frequene to its physically close location to
the Si surface. Therefore, the frequency dispergioenomenon of the C-V and G-V
curves can be observed. Charges are loosely tragipnd nanocrystal/ZrHfO interface
sites, and easily detrap when the band structuns to the flat band condition or changes
the V4 polarity. The charge detrapping phenomenon cautib by the loosely-trapped
charges can be reflected as current jumps in tiecdrve, increased relaxation current
density, and quick loss in the short-term retentiarve. Moreover, the formation of the
nanocrystal/ZrHfO interface layer may facilitate thxygen diffusion through the high-k
stack during PDA process, which favors the Si/ZrHf@erface layer (IL) growth. In
consequence, the density of the oxygen vacandyeirilt is decreased, which causes the
Vg shift in positive direction. Figure 79 shows theaoge of the IL thickness andy/

shift with respect to the embedded nanocrystals.
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Figure 79 shows that for both nc-RuO and nc-ITO ewdled capacitors, they
have a thicker IL and a more positivegVthan those of their corresponding control
samples. For example, for the nc-RuO embedded sarti@ increased IL thickness is
0.7 nm (from 4.1 nm to 4.8 nm) and the positivg $hift is 0.2 V (from -0.95 V to -0.75
V). Also, for the single nc-ITO sample, the incre@dL thickness is 0.9 nm (from 3.4 nm
to 4.3 nm) and the positivegy shift is 0.4 V (from -1 V to -0.6 V). The XPS awpsils
also confirms the formation of nc-RuO/ZrHfO and ImE&/ZrHfO interface layers. On
the contrary, the nc-ZnO capacitor does not shaw kind of significant change, i.e.,
only slight change in IL thickness from 3.4 nm t@ 8m, and in ¥g from -1 V to -0.95
V. This difference can be correlated to the différeaterial properties of the nc-ZnO
embedded capacitor, i.e., non obvious formationthef nc-ZnO/ZrHfO interface layer,
judged by the XPS analysis. Therefore, differeetwical characteristics were observed
in the different nanocrystals embedded capacitorthis study. The detailed cause to
explain why the nc-ZnO/ZrHfO interface layer wag foomed after PDA is still not clear.
One possibility is the thermodynamic consideratioa.,, the free formation energy of
ZnO at 800°C (-236 KJ/mol}*! is smaller than that of 48; (-576 KJ/molj®? and Sn@
(-358 KJ/mol)!*® Therefore, compared with the,®; and Sn@ films, the inter-reaction

between the ZnO film and surrounding ZrHfO filimass likely.
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On the other hand, although the free formation ggnef RuO is even smaller (-
120 KJ/mol at 800C)™* than that of ZnO, the experiment results still\vghihe nc-
RuO/ZrHfO interface formation after PDA processic® the Ru-to-RuO transformation
is also involved in this PDA process, the oxygeppdy for oxidizing the as-deposited Ru
film may be also from the ZrHfO matrix. Therefothe inter-reaction between the nc-
RuO (or as-deposited Ru film) and ZrHfO is stikdly. However, the exact mechanism
of the nanocrystal/ZrHfO interface formation mayrmere complicated and need more

studies.

5.5.2 Retention Characteristics of Holes and Ebastr

Figure 80 shows the comparisons of (a) hole and dlectron retention
characteristics among three kinds of capacitorestgated in this dissertation. The
charge retention properties are strongly relatethéoband offsets between the charge
trapping sites and surrounding dielectric filmseTdomparisons of conduction band and
valence band offsets between the ZrHfO film andRe®, -ITO, and -ZnO, are
summarized in Table 4. Also, the distribution ofemmal defects in the ZrHfO tunnel
oxide may be also critical. For the hole retentitre charge loss rate of the nc-ITO
embedded samples is smaller than that of the nc-Ro®edded sample. This is
attributed to the larger Boffset between nc-ITO and ZrHfO tunnel oxide ie former,
i.e.,, 1.2 eV vs. 0.6 eV. The better retention prgpée.g., long-term charge remaining)

can be further obtained by using the dual-layelT@@-embedded structure.
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For the electron retention, the charge loss ratéhefsingle nc-ZnO sample is
larger than that of the nc-RuO embedded sampldaltiee smaller Eoffset between nc-
ZnO and ZrHfO tunnel oxide in the former, i.e., #M vs. 2.5 eV. However, both charge
loss rate and retention property can be improvedsiyy the dual-layer nc-ZnO structure.
Moreover, for the nc-RuO embedded capacitor, thie huss rate is smaller than the
electron loss rate even though thedfset between the nc-RuO and ZrHfO is smaller
than the Eoffset, i.e., 0.6 eV vs. 2.5 eV. This is becaussoading to the band structure
of the nc-RuO embedded ZrHfO gate dielectric staskshown in Fig. 51(a), the nc-
RuO'’s E edge is aligned to near the middle of the ZrHfRasd gap. It was reported that
the concentration of the deep states, i.e., atgalposition, is higher than the shallow
states in the Hf@film.**° Therefore, the trapped electrons can tunnel ba@& substrate
assisted by the deep states in the ZrHfO tunnebeoxiTable 5 summarizes the
logarithmically-fitted equations separately for tloag-term hole and electron retention
conditions of all memory capacitors investigated tims dissertation. The charge

remaining after 10 years were also estimated.
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Table 5. Fitted equations for long-term hole anectbn retention trends of memory
capacitors embedded with nc-RuO, single and dudT@cand nc-ZnO. 10-years charge

remaining was also estimated.

Hole Retention Trend 10 Years
Hole Remaining
nc-RuO y =-0.025In(x) + 0.812 ~32%
Single nc-ITO |y =-0.014In(x) + 0.665 ~40%
Dual nc-ITO y =-0.014 In(x) + 0.833 ~55%
Electron Retention Trend 10 Years
Electron Remaining
nc-RuO y =-0.041 In(x) + 1.166 ~36%
Single nc-ZnO | y =-0.054 In(x) + 1.165 ~10%
Dual nc-ZnO =-0.038 In(x) + 1.037 ~29%




175

5.6 Summary

Single and dual nc-ITO and nc-ZnO layers embeddddf@ high-k memory
capacitors have been successfully prepared by nleepomp-down sputtering process
followed by the rapid thermal annealing. For thagk-layer embedded structure,
discrete 3-5 nm size nc-ITO dots with a 2-D spatishsity of 1.810™ cm? and 3-8 nm
nc-ZnO dots with a density of 1.480*? cni®were formed in the amorphous ZrHfO high-
k film. The formation of the nc-ITO/ZrHfO interfacgas detected from the XPS spectra,
while no obvious formation of the nc-ZnO/ZrHfO irfeece was observed. The
concentration of the nc-ITO/ZrHfO interface incressvith the increase of the number of
the embedded nc-ITO layers. The C-V hysteresisgatel bias stressed tests indicate that
the nc-ITO embedded sample majorly has the hofgping capability while the nc-ZnO
embedded sample majorly shows the electron-trapgiegomenon. The different charge
trapping tendency in the nc-ITO and nc-ZnO embedsiedples can be attributed to the
difference in the intrinsic material and electrigabperties such as defect and band
structures. Holes trapped at the nc-ITO/ZrHfO ifstee were separated from those
trapped in the bulk nc-ITO using the frequency-aejeat C-V and G-V measurements.
However, electrons were deeply trapped in the mghZnO sites. The loosely-trapped
holes at the nc-ITO/ZrHfO interfaces could tunnatlhto Si easily when the energy band
structure turns to the flat band condition. Thigragping phenomenon is confirmed from
the current jJumps in the J-V curve and the larggaircharge drop in the retention curve.
The dual-layer embedded sample has two separatecnyaital layers with a higher
density than the single-layer embedded sample. tdpenanocrystal layer hinders the

charges from reaching the gate electrode during pifegramming process. A large
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memory window, high programming efficiency, anddocharge retention time can be
achieved by using the dual-layer embedded struclthiss kind of FG structure can be
vital for the future nonvolatiie memory applicationThe correlation between the
electrical properties and formation of the nano@atygrHfO interface were discussed.
The comparisons of the charge retention propeaiesng the nc-RuO, nc-ITO, and nc-

ZnO embedded capacitors were also studied.
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CHAPTER VI

SUMMARY AND CONCLUSION

Nanocrystals embedded ZrHfO high-k gate dieledthnas, i.e., inclusion of Ru
nanoparticles and nc-RuO, -ITO, and -ZnO, have ls¢éedied for the future SI-MOSFET
and nonvolatile memory applications. These kind$1aJS capacitors were prepared in
the one-pump-down deposition process by the RF etegm sputtering technique and
followed by the rapid thermal annealing methodhagraphy of TiN and Al films has
been developed to pattern the gate electrode |&ersical and chemical properties of
the nanocrystals embedded ZrHfO bulk high-k filmsd ainterface layers were
investigated by the XPS, XRD, HETEM, and EDS analyE&lectrical properties of the
nanocrystals embedded ZrHfO MOS capacitor wereadharized by the C-V, J-V, CVS,
and frequency-dependent measurements.

ZrHfO thin film with an EOT less than 2 nm has bgeapared by including Ru
nanoparticles into the gate dielectric stack. Indidoh to forming discrete Ru
nanoparticles in the amorphous ZrHfO film, the balkd interfacial properties, e.g.,
density of oxygen vacancies and layer compositi@re changed with the addition of Ru.
The permittivity of the high-k film was increasedealto the dipole enhancement, which
was supported from the frequency-dependent C-V@nNd measurements change. The
Ru-modified ZrHfO gate dielectric film shows a coangtive breakdown strength to
other high-k films of the same EOT. The temperatigpendent J-V measurement
indicates that the Schottky emission mechanism eteserved in the low electric field

regime while the Frenkel-Poole conduction mechanisas applicable in the high
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electric field regime. The inclusion of Ru nanopaes in the ZrHfO film lowers the
energy depth of traps involved in F-P conduction thoes not affect the TiN/ZrHfO
barrier height. The Ru-modified ZrHfO film has ada breakdown voltage and a long
lifetime due to its unique film structure. A 10-ysdife expectance is estimated at the
gate voltage of 2 V. However, the Ru-modified ZrHfid may have limitation to be
applied to the very high frequency devices due t® poor frequency dispersion
performance.

MOS capacitors made of the nc-RuO embedded ZrH§D-kigate dielectric film
have been fabricated and investigated for the nlatil® memory properties. The as-
deposited Ru thin film changed into discrete cyis&a RuO nanodots with a density of
8x10' cm? after the 950 °C thermal annealing step. The fater formation at the nc-
RuO/ZrHfO contact region was detected by the XP&8yais. The device shows a large

memory window of 1.72 V in the gate sweep ranget®fV mainly due to the hole-

trapping mechanism. Its charge trapping and detngpgharacteristics and trapping sites
differentiation have been studied using the CVShwoet stress time- and bias-dependent
tests, and frequency-dependent C-V and G-V measmmHoles and electrons were
deeply trapped to the bulk nc-RuO site. Howevearorion of holes were loosely trapped
at the nc-RuO/ZrHfO interface. The current jumpghe J-V curves together with the
retention results confirmed the above charge trappind detrapping mechanisms. The
nc-RuO embedded ZrHfO high-k gate dielectric staek provide a large memory
window for a long charge retention life time, whiotakes it promising for the future

nano-size nonvolatile memory applications.
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Dual nc-ITO and nc-ZnO layers embedded ZrHfO hight®S capacitors have
been successfully fabricated. Replacing the nc-RyOother nc-conductive oxide
materials and using the dual-layer nanocrystals egltded structure is for further
improving the nonvolatile memory functions. Diseré&-5 nm nc-ITO dots and 3-8 nm
nc-ZnO dots were formed in the amorphous ZrHfO Hidhm. XPS spectra indicate the
interface formation at the nc-ITO/ZrHfO contactiteg No obvious formation of the nc-
ZnO/ZrHfO interface was detected. The memory fuorctof the nc-ITO embedded
ZrHfO capacitor is contributed by the hole-trappmgchanism, while that of the nc-ZnO
embedded capacitor is mainly contributed by theteda-trapping mechanism. Judged
from the frequency-dependent C-V and G-V measurémesults, holes trapped at the
nc-ITO/ZrHfO interface have different detrappingachcteristics from those trapped in
the bulk nc-ITO. Most electrons were deeply trappethe bulk nc-ZnO sites. The dual-
layer embedded structure contains two nanocryayers with a higher density than the
single-layer embedded counterpart. Benefitted friv vertically-separate dual-layer
embedded structure, a large memory window, higla g@bgramming efficiency, low
charge loss rate, and long charge retention tinmebeaachieved. Therefore, the dual-
layer nanocrystals embedded floating gate structsir@ital for the next-generation

nonvolatile memory applications.
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