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ABSTRACT

Characteristics of the Inter-Poly High-«
Dielectrics on NHs-Nitrided Bottom Poly-Si for

Next Generation Flash Memories

Student : Tsung-Han Li Advisors : Dr. Jen-Chung Lou

Department of Electronics Engineering & Institute of Electronics
National Chiao-Tung University

Abstract

For the system-on-chip (SOC) application, a continuously scaling of the gate
dielectrics for complementary metal oxide semiconductor (CMOS) and inter-poly
dielectrics (IPDs) for electrically-erasable programmable read-only-memory
(EEPROM) and stacked-gate flash memory is needed to obtain high density and low
operation voltage. To meet the above requirements and exhibit low leakage current as
well as good reliability, the replacement of high-x materials for SiO, have become
indispensable.

In this thesis, we investigated the effects of post-deposition annealing (PDA)
temperature on the electrical properties and reliability characteristics of metal-organic
chemical vapor deposition (MOCVD) aluminum oxide (Al,O3) and hafnium oxide

(HfO,) inter-poly capacitors. For Al,O; and HfO, inter-poly capacitors, samples



ABSTRACT

exhibit optimal quality in terms of leakage current, electron trapping rate and
charge-to-breakdown (Qgp) when annealed at 900°C and 800°C respectively. As thin
as 5nm and 3nm equivalent oxide thickness (EOT) of Al,O3 and HfO; IPD is suitable
to meet the requirement of 45nm and 32nm generation stacked-gate flash memories

respectively.
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CHAPTER 1

Introduction

1.1 Background

As the scaling rule keeps going, the dimension of gate oxide for complementary
metal oxide semiconductor (CMOS) has decreased dramatically for the past decade.
The integrated circuit technology nowadays makes devices with high density and low
operation voltage for the system-on-chip. (SOC) application. To meet such
requirements like high performance (speed), low static (off-state) power and a wide
range of power supply and output voltages [1],*we have to perform a calculated
reduction of the dimensions of the fundamental active device in the circuit just like
what “Moore’s law” indicated, doubling the circuit density about every two or three
years since 1980 [2]-[4]. And this trend results in a dramatic expansion in technology
and communication markets including the market associated with high-performance
microprocessor and low static-power applications, such as wireless systems. Just like
what we already knew, the key element of keeping the scaling rule of Si-based
metal-oxide-semiconductor field effect transistor (MOSFET) going is the materials
and resultant electrically properties associated with the dielectric employed to isolate
the transistor gate from the Si channel for decades: silicon dioxide (SiO,). We can
benefit several key advantages in CMOS processing including a thermodynamically

and electrically stable high-quality Si-SiO, interface as well as superior electrical
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isolation properties by using thermally grown amorphous SiO, as the gate dielectric.
~10"" cm™ defect charge density, ~10'° cm?eV™' midgap interface state density and 15
MV/cm hard breakdown field are routinely obtained and therefore expected in spite of
dimensions. These outstanding electrical properties clearly present a significant

challenge for any other alternative gate dielectric candidates [5], [6].

As the time past, there have been several major evolutions in silicon digital logic
technology. CMOS technology became the most important digital logic technology
for all IC industry, owing to its low standby power dissipation and scaling potential.
The scaling of oxide thickness has long been recognized as one of determinant factor
for devices scaling. High driving current and thereby improved performance can be
achieved by reducing the oxide thickness..At the current rate of progressing, Fig. 1.1
indicates the imperative need for a nitrided. oxide (SiO«N,) and high dielectric
constant (k) gate dielectrics for-low standby power application after the year 2002 and
2000, respectively [7]. Howevet; the-direct-tunneling current increases exponentially
by about one order of magnitude for every 0.2nm ~ 0.3nm reduction in oxide
thickness. This additional leakage current not only causes increased power dissipation

but also affect the circuit functionality due to the decreased operation margins.

For this reason, several alternative materials for silicon dioxide are currently
being investigated. Ultrathin nitrided oxides are, at this moment, the best choices to
replace pure SiO;, [8]-[14]. Figure 1.2 shows the expected equivalent oxide thickness
(EOT) trends from the published 2004-ITRS roadmap. It indicated that nitrided oxides
can extend SiO; limitation to 2006 without massive change in production technologies.
Nitrided oxides have several properties superior to those of conventional thermal SiO,,
and it deserves to mention the suppression of boron penetration from the poly-Si gate

and enhanced reliability. Nitrogen also reduces hot-electron-induced degradation [15].



CHAPTER 1: INTRODUCTION

The dielectric constant of the oxynitride increases linearly with the percentage of
nitrogen from « (Si0,) = 3.9 to k (SizN4) = 7.8 [16], though one should note that most
SiOxNy films grown currently by thermal methods are lightly doped with N (< 10 at.%)
and therefore have a dielectric constant only slightly higher than that of pure SiO..
The other potential candidates to replace silicon dioxide are high-k materials,
including aluminum oxide (Al,O3), hafnium oxide (HfO,) and zirconium oxide (ZrO;)
etc [17]-[20]. The most important advantage of high-k dielectric is the several orders
reduction of magnitude of leakage current compared to SiO, at the same EOT.
However, in device performance point of view, a suitable gate dielectric candidate
should also meet the other requirements, including high thermal stability, high carrier

mobility, small oxide charges, good stress immunity and CMOS compatible.

On the other hand, high- dielectfics are paid much attention on the flash
memory applications [21]-[27].The thickness of intet-poly dielectric (IPD) and tunnel
dielectric (TD) in stacked-gate flash memory-had met intrinsic limitation [28]. It is not
sufficient to meet the stringent data” retention requirement of IPD while applying
thermal or CVD oxynitride technologies due to the unavoidable leakage current
[29]-[32]. By increasing the floating gate coupling ratio, high-k IPD can lead to a high
electric field across tunnel oxide (TOX) even at very low control gate voltage. For the
tunnel dielectric engineering of stacked-gate flash memories, the issue is closely
related to dielectric material selection itself. Flash tunnel dielectric has two roles. One
is a barrier to suppress charge leakage under read and retention. Second role is a
charge transfer path. In order to avoid trap-assisted tunneling via one trap site, the
minimum TOX thickness of conventional FG structure will be limit to 8 nm. This
limits the tunnel SiO, scaling and program/erase voltage reduction. Nitrided oxides

have been intensively studied, but so far only 5 to 10 times improvement for low field
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leakage is achieved [33]. This is not enough, because it only achieves 1 nm reduction

even with heavy nitridation.

To successfully employ the high-k IPD and TD into flash memory, one must
take charge retention issues into consideration and make sure that the barrier height
(pp) between Si and the new adopted high-k dielectrics should be larger than 1.5e¢V
for effectively suppressing the loss of floating gate charges through electron thermal
emission [33]. Usually, dielectrics with higher k inherently have lower ¢g. Therefore
a trade-off between dielectric constant and barrier height is inevitably required in

trying to implement the high-x dielectrics in flash memories.

1.2 Motivation

Fast low-power nonvolatile . memories ~ar¢ required for future wireless
communication products. In the recent flash memory technologies, short
program/erase times and operating voltage reductions are the most important issues to
realize high speed/low power operation [28], [34]-[36]. For EEPROM and flash
memory devices, the IPD requires a high charge-to-breakdown (Qgp), high
breakdown field and low leakage current to obtain good data retention characteristics
[37]-[39]. It is not sufficient to meet the stringent data retention requirement of IPD
while applying thermal or CVD oxynitride technologies due to the unavoidable
leakage current [29]-[32], [40]. In order to accomplish this without a trade-off
between low power and high speed operations, high coupling ratio should be achieved
by increasing the floating gate capacitance [34], [35], [41]-[48].

There are three different approaches can be used to increase coupling ratio. First,



CHAPTER 1: INTRODUCTION

decrease the IPD thickness. Oxide/nitride/oxide (ONO) multi-layered films had been
extensively investigated and frequently used as the dielectric layer in the flash
memory devices and other applications [49]-[51]. However, decreasing the thickness
of the IPD to increase the coupling ratio may cause serious leakage and reliability
problems which are fatal in the retention time of flash memories. Secondly, increase
the area of the IPD capacitor. High capacitive-coupling ratio cell [41]-[43],
3-dimension inter-poly dielectric [45], and hemisphere grain [46], [47] had been
proposed to effectively increase the capacitance area and lower the control gate bias.
Although the coupling ratio of above mentioned cell structure could be dramatically
improved, they must be fabricated with many additional process steps for fabrication
such complex structures and be difficult to control well. The final approach is to
increase the dielectric constant (i) of IPD materials [22], [23], [27], [52]-[59].
Therefore, it is straightforward -and.effective to incorporate alternative high dielectric
constant (high-k) materials on+nonvolatile-memories to replace oxide/nitride/oxide
IPD for increasing floating gaté+ capacitance without increasing cell area and
complexity of fabrication while suppressing charge loss. By increasing the floating
gate coupling ratio, high-x IPDs can lead to a high electric field across tunnel oxide

even at very low control gate voltage.

Recently, aluminum oxide (Al,Os3) [17], [60]-[62] and hafnium oxide (HfO,)
[20], [63]-[66] had been proved as promising candidates for the gate dielectrics of
sub-0.1 um device due to their higher x, relatively high ¢p and superior thermal
stability, shown in Table 1.1. Thanks to the high dielectric constant and high thermal
stability, Al,O; and HfO, are suitable to be integrated into stacked-gate flash
memories. Nonetheless, the effects of these kinds of high-k dielectrics on flash

memories are seldom investigated. To further realize the dielectric properties of these
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high-k dielectrics, some reliability issues such as breakdown field, charge trapping
and temperature-dependence behaviors are extensively studied for both gate dielectric

and flash memories applications.

Many deposition methods such as physical vapor deposition (PVD),
metal-organic chemical vapor deposition (MOCVD), atomic layer chemical vapor
deposition (ALCVD) [67], [68], and molecular beam epitaxial method (MBE), etc.
have been employed to prepare high-k IPDs. The pros and cons of each deposition
techniques are demonstrated in Table 1.2. For industrial application, PVD and MBE
are not appropriate tools for high-x film deposition. Since MOCVD has the advantage
of superior step coverage, high deposition rate, good controllability of composition,
excellent uniformity of film thickness, over large area, we, therefore, choose the
MOCVD technology as our toel to deposit'thin'high-k IPDs. A detail schematic
structure is shown in Fig. .30 The MOCVD -chamber is equipped with a
turbomolecular pump and “a . liquid=“injection system, which has four
independent-controlled injectors. The latter'is ‘consisted of a liquid pump to pump the
precursors through a hot nickel frit with a proper rate because the pump is unreliable
at low pump rates. The vapors are carried with a 200sccm flow of Ar to a gas
distribution ring which is located at a proper distance from the substrate. In contrast to
the conventional bubble system, the liquid injection is with sufficient temperature
window to alleviate the thermal aging of the precursor. This is because the precursor
remains in liquid state at room temperature until it is pumped into the vaporizer and
injected into the deposition chamber. However, the precursor should be kept at
long-term chemical stability in solvent and non-reactive with other precursors solvent
[69], [70]. The components of the vaporizer, the gas ring and the connecting tube are

maintained at a temperature of 190°C with heating tapes and blankets, while the
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substrate temperature is controlled at 500°C with quartz-halogen lamps and a
thermocouple. A rotating suspensor is used for uniform heating during processing. A
flow of 100sccm N, is maintained throughout the deposition cycle. The base pressure
of the MOCVD chamber is ~10™®Torr. The deposition pressure of the deposition is at
the SmTorr where the gas-phase collisions are scarce.

As many reports indicated, the direct contact of high-k materials and
Si-substrate will be imperfect and debatable. The dominance of the Si MOSFETs over
competing technologies has largely been attributed to the high quality of thermally
grown SiO; and the resulting Si/Si0O, interface [71]. The Si/SiO; interface is known to
have a very low density of interface states (Dij~2x10' ststes/cm’) arising from
unsaturated surface bonds and other electrically active imperfections [71]. Interface
states lead to degradation of on-cufrent, since cartier mobility is limited by scattering
at the interface due to the strong.vertical electric field present in the channel. For
maintaining the excellent transport properties.at,the Si interface, a possible method to
suppress the interfacial layer thickness is.to.passivate the Si surface before the high-k
IPD deposition. Generally, there are many methods to passivate the Si surface such as
surface nitridation, nitrogen-contained ambient annealing, or nitride deposition as the
bottom layer. Nitridation of the Si surface using NHj treatment before the deposition
of high-x materials has been shown to be effective in achieving the low EOT and
preventing the boron penetration [72], [73]. However, this technique results in higher
interface charges which leads to higher hysteresis and reduced channel mobility [74].
The NHj treatment would nitridize the Si surface to form a silicon nitride layer
[75]-[77]. Silicon nitride is a superior barrier for H,O and oxygen, and it can suppress
oxygen to diffuse into Si substrate [72]. After the NH; treatment, a thin silicon nitride
( SixNy ) layer (~10 A ) was deposited and measured by optical measurement system
( Ellipsometer ). As reports, nitridation of the Si surface is prior to the deposition of

-7-
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high-k gate dielectrics and it shows the result to achieve the low EOT and increase

reliability by making the interface smoother [78].

1.3 Organization of This Thesis

There are four chapters in this thesis. In chapter 1, we present a conceptive
introduction to describe the background of the semiconductor technology and discuss
the possible issues that we may meet during the dimension scaling down. In addition,
we would concern about the hopeful solutions to overcome the physical limits in the
ITRS, discuss and explain the reasons for high-x IPD application in the nonvolatile

flash memories.

In chapter 2, the effects -of ‘post-deposition annealing (PDA) temperature on
inter-poly characteristics of MOCVD."Al;O5 dielectrics are examined. The basic
electrical properties, electric field, leakage current, and reliability characteristics are

presented and discussed.

In chapter 3, the effects of PDA temperature on inter-poly characteristics of
MOCVD H{O, dielectrics are examined. The basic electrical properties, electric field,

leakage current, and reliability characteristics are presented and discussed.

Finally, in chapter 4, the conclusions are made and the recommendations

describe the topics which can be further researched.
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Table 1.1 Materials properties of high-k dielectrics, Al,O3, ZrO; and HfO,.

High-x Dielectrics
A|203 ZI’OZ Hf02
Bandgap (eV) 8.3 5.82 6.02
Barrier Height to Si (eV) 2.9 1.5 1.6
Dielectric Constant 9 ~ 25 ~ 25
Heat of Formation
399 261.9 271
(Kcal/mol)
AG for R ti
G for Reduction 63.4 423 476
(MOy + Si > M + SiOy)
Th I [
ermal expansion &l 2ol £ 3
coefficient (10° °K™)
Lattice Constant (A
! & 47-52 5.1 5.11
(5.43 A for Si)
Oxygen Diffusivit
xygen DITTUsvity 5x10°%° 1x10°% ~10%2
at 950°C (cm?/sec)
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Table 1.2 Comparisons of deposition techniques: sputtering, ALD, MOCVD and

MBE.

Physical Vapor

Chemical Vapor Deposition

. (CVD) Epitaxial Method
Deposition (PVD)
MOCVD ALDCVD
Pros Pros Pros Pros
1. Convenient for 1. superior step 1. Better thin film 1. Permitsingle

new materials

coverage.

quality than PVD or

crystal, high-k

screening. 2. High deposition CVD. dielectric system.
2. Easy to fabricate rate. 2. Excellent coverage
experimental data. | 3. Good controllability and conformity.
3. Low cost for of composition.
ownership. 4. Uniformity of film
thickness over large
area.
Cons Cons cons Cons
1. Planar, 1. Hard to deposit 1..Lowthroughput. 1. Require
line-of-sight ultra-thin films. 2. Mechanism-related submonolayer
process, damage. | 2. Poorer conformity surface sensitivity. control.
2. Not likely to be than ALCVD. 3...Chemistry-limited 2. Poor throughput
used in ULSI gate | 3. C-, H-, OH-impurity final products (only for ULSI

process.
3. Poor conformity,

especially for high

aspect ratio.

contamination.

binary materials are
available now.)

standard.

3. UHV tool and the
cost of
maintenance.

-10 -
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CHAPTER 2

Effects of PDA Temperature on the

Electrical Properties of Al,O3; IPD with NH; Nitridation

2.1 Introduction

With the scaling down of thickness ,of the inter-poly dielectrics (IPD), the
quality of the dielectric becomes.very criticalfor the application of the EEPROM and
Flash nonvolatile memories. Lower leakage of the dielectric means longer data
retention time. As many reports. indicated-that “high-« IPDs with surface NH;
nitridation have been shown improved ‘electrical properties [21]-[23]. Among those
potential candidates, aluminum oxide (Al,O3) is the most attractive for IPD
application in nonvolatile flash memories because of its higher conduction band offset
with respect to the underlying poly-Si electrode and its higher permittivity with
respect to SisNy4 [17], [21], [57], [71], [79], [80]. On the other hand, it is found that the
incorporation of nitrogen on the bottom poly-Si surface can not only reduce leakage
current by one order of magnitude, but also enhance the breakdown field and the
charge-to-breakdown (Qgp) as well [23]. This is ascribed to the resultant smoother
interface between the dielectric and the floating gate by surface nitridation and less
electron traps in the bulk [23]. However, the Qgp is unfortunately quite low. Moreover,

the effects of post-deposition annealing (PDA) temperature on the electrical properties
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and reliability characteristics of MOCVD Al,O;3 inter-poly capacitors with surface
NH; nitridation are studied in this chapter. The electrical properties of the Al,O3 IPD
are influenced by the PDA temperature. The optimum is 900°C Al,O3 IPD in terms of

leakage current, electron trapping rate and Qgp.

2.2 Experimental Details

The n*-polysilicon/Al,O3 IPD/n*-polysilicon capacitors were fabricated on
6-inch p-type (100)-oriented silicon wafers. Silicon wafer was thermally oxidized at
950°C to grow a 2000A buffer oxide, 2000A bottom polysilicon film (Poly-1) was
deposited on the buffer oxide by:low pressure. chemical vapor deposition (LPCVD)
system using SiH, gas at 620°C ‘and subsequently “implanted with phosphorous at
5e15cm?, 20keV, then activated-with RTA at-950°C for 30s. Prior to the growth of
Al,O3 IPDs, the native oxide covering Poly-I"was cleaned by the conventional RCA
cleaning and diluted HF etching in sequence for the removal of particles and native
oxides. The surface of Poly-1 prepared in this matter was known to be
contamination-free and terminated with atomic hydrogen. After being wet cleaned and
dipped in HF solution, all samples were subjected to ammonia (NHs;) nitridation in the
LPCVD furnace at 800°C for 1 hour. Then, 10nm Al,O3; IPDs were deposited by
MOCVD system at 500°C. Annealing of Al,O3; IPDs was carried out by rapid thermal
annealing (RTA) at temperatures ranging from 800°C to 1000°C in an N, atmosphere
for 30s. Subsequently, a 2000A top polysilicon layer (Poly-11) was deposited by
LPCVD system and implanted with phosphorous at 5e15cm™, 20keV. Dopants were

then activated with RTA at 950°C for 30s. Finally, 5000A TEOS oxide passivation and
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Al metal pads were defined. It is worthy to mention that we took one of the 900°C
PDA samples annealed again at 900°C in N, atmosphere followed by the dry etching
step, called post-etching annealing (PEA). The cross-sectional view and key process
steps of Al,O3 inter-poly capacitor with surface NHj nitridation and post-deposition

nitrogen annealing are shown in Figs. 2.1 and 2.2, respectively.

The equivalent oxide thickness (EOT) was obtained from the high frequency (10
kHz) capacitance-voltage (C-V) measurement using a Hewlett-Packard (HP) 4284
LCR meter. The electrical properties and reliability characteristics of the inter-poly

capacitors were measured using a HP4156C semiconductor parameter analyzer.

2.3 Results and Discussions

2.3.1 Basic Electrical Properties

Figure 2.3 (a) shows the high frequency C-V curves (10kHz) and the
corresponding EOT of Al,O3 inter-poly capacitors with surface NHjz nitridation
annealed at 800°C to 1000°C. The EOT increases as PDA temperature rising up to
900°C, which can be ascribed to the thick interfacial layer (IL) growth. As the PDA
temperature continually increases to 1000°C, in spite of the thickest IL, Al,O3 film
may partially crystallize and slightly increase permittivity, smaller EOT value is
therefore obtained as compared to 900°C PDA samples. However, the differences of
the EOT among these samples are less than 3A, which can be ascribed to both the
effects of surface NHs nitridation and extremely low oxygen diffusivity of Al,O3 film.
Figure 2.3 (b) presents the J-E characteristics of the Al,O3 inter-poly capacitors with

NH3 nitridation at various PDA temperatures under both polarities. It is found that the
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large leakage current of 1000°C PDA sample may be the proof of crystallization. We
also found that 900°C PDA with additional 900°C post-etching annealing (PEA)
sample can effectively reduce the low-field leakage current than other samples, which
is helpful to suppress charge loss from the floating gate. It can be explained by the
reduced damage generated by ion bombardment during the Poly-Il patterning. In
addition, it is worthy to mention that polarity dependence can be observed in gate
leakage current curves, the leakage current in negative polarity is smaller than that in

positive polarity due to asymmetric band diagram.

2.3.2 Electric Field and Leakage Current Density Characteristics

Figure 2.4 shows the breakdown characteristics of Al,O3 inter-poly capacitors
with NHg3 nitridation at various PDA temperatures-under both polarities. Effective
breakdown field exhibits nearly independent. on “PDA temperatures. Figure 2.5
compares the Weibull distributions -of the-leakage current of Al,O3 inter-poly
capacitors at various PDA temperatures with NH3 nitridation in both polarities as the
magnitude of gate bias is 6MV/cm. Once again, 1000°C PDA sample has large
leakage current caused by partially crystallization, and 900°C PDA with 900°C PEA

sample has better performance in preventing charge loss from floating gate.

2.3.3 Reliability Characteristics

Figure 2.6 demonstrates (a) Qgp Weibull distributions and (b) the corresponding
curves of gate voltage shift of Al,O3 inter-poly capacitors with surface NHj3 nitridation
at various PDA temperatures when constant current stress of 5SmA/cm? is applied in
positive polarity. In Fig. 2.6 (a), the smaller Qgp value of 1000°C PEA sample in
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positive polarity is attributed to its thicker interfacial layer. The interfacial layer
becomes thicker when post-deposition annealing temperature rises, then the voltage
drop across interfacial layer will increase and result in stronger electric field. The
increase in the gate voltage indicates that the primary mechanism responsible for the
long-term wear-out in Al,O3 film is the creation of electron traps under positive
polarity, as shown in Fig. 2.6 (b). We also found that Al,O3 inter-poly capacitors
annealed at 900°C with additional 900°C PEA exhibits smaller trapping rate than other
conditions and this phenomenon indicates improved film quality ,which is consistent
with the result of suppressed gate leakage current shown in Fig. 2.3. We believe that
additional 900°C post-etching annealing can reduce damage generated by ion
bombardment during the Poly-11 patterning and further improve Al,O; inter-poly
capacitors characteristics such as.leakage current and stress-induced trapping rate.
However, it is totally different situation in negative polarity. Figure 2.7 shows (a) Qgp
Weibull distributions and (b) the corresponding.curves of gate voltage shift of Al,O;
inter-poly capacitors with surface NHs.nitridation at various PDA temperatures when
constant current stress of 5mA/cm? is applied in negative polarity. In Fig. 2.7 (a),
although thickness of interfacial layer increases as PDA temperature rising, there is no
apparent difference in Qgp for negative polarity. This fact reveals that the thickness of
Al,O3 film dominate breakdown mechanism, i.e. bulk breakdown. In Fig. 2.7 (b), hole
trapping is observed, which can ascribed to the electron-hole pairs generation caused
by electron impact after injection from Poly-1l to Poly-1 under negative bias. Then
holes jumped to valence band and were trapped in the Al,O3 bulk when they injected
back to Poly-I1. Such mechanism is called anode hole injection (AHI) [81], [82]. The
other mechanism for hole trapping is injection of accumulation hole of Poly-I. The
similar trapping rate in negative polarity is in agreement with the result of identical
charge-to-breakdown as shown in Fig. 2.7 (a). Band diagrams of Al,O3 inter-poly
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capacitors with surface NHj3 nitridation under (a) positive and (b) negative gate

voltage biased to the Poly-11 are demonstrated in Fig. 2.8 (a) and (b) respectively.

2.4 Summary

The effects of PDA temperature on the electrical properties and reliability
characteristics of the Al,Os inter-poly capacitors with surface NH3 nitridation are
evaluated in this chapter. It was found that the electrical properties of Al,O3 IPD
strongly depend upon the PDA temperature. 900°C annealing is the best condition for
the Al,O3 IPD electrical characteristics in terms of leakage current, trapping rate and
Qsp. Moreover, additional post-etching-annealing is beneficial to improve Al,O3 thin
film quality because it can reduce the defects generated during the Poly-I1 patterning.
The results apparently demonstrate Al,O3 IPD ‘with surface nitridation, optimized
PDA temperature and another 900°C PEA can effectively reduce charge transfer
between control gate and floating gate, better retention and disturb characteristics are
expected by replacing ONO IPD to Al,O3 IPD. The Al,O3 dielectric with surface NH3
nitridation, 900°C post-deposition and post-etching annealing thus appears to be very
promising for future flash memory devices. Table 2.1 lists several physical and
electrical parameters, including EOT, effective breakdown field, 6MV/cm-biased
leakage current density and 63%-failure Qgp Vvalues of the Al>O3; IPDs with surface

NH; nitridation annealed at various temperatures.
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Table 2.1 EOT, effective breakdown field, 6MV/cm-biased leakage current density
and 63%-failure Qgp values of the Al,O3 inter-poly capacitors with surface NH;

nitridation under positive and negative CCS at various PDA temperatures in N,

ambient.
PDA Eso Jg@6MV/cm 63% QBD
EOT ) )
Temp. (MVicm) (nAlcm”) (mC/cm?)
A)
(°C)

positive | negative | positive | negative | positive | negative

As-dep 55.6 18.4 19.1 20.4 245 5880 560

800 56.0 18.3 18.8 15.8 13.2 4300 570

900 57.0 18.3 18.6 13.8 13.2 6750 690

1000 56.2 185 190 490.0 2089 3800 700

900 with

900 PEA 55.5 18.0 18.8 6.0 3.1 6570 610
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CHAPTER 3
Effects of PDA Temperature on the

Electrical Properties of HfO, IPD with NH; Nitridation

3.1 Introduction

Recently, HfO, has gained much, attention as promising insulator. The reasons

are briefly listed as follows.

(1) Suitable high dielectric constant

The reported dielectric constant.of HfO51s about 25~30. This magnitude of
k-value is higher than that of SisN4 (k~7) and Al,O3; (k=8~11.5). It is not high enough

to induce severe fringing-induced barrier lowering effect.
(2) Wide bandgap

In general, as the dielectric constant increases, the bandgap decreases. The
narrower bandgap would increase leakage current through thermal emission. The
energy bandgap of HfO, is about 5.68eV, which is higher than the other high-k

materials such as ZrO,, SizsN4 and Ta,Os.
(3) Acceptable band alignment

Band alignment determines the barrier height for electron and hole tunneling
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from gate or Si substrate. For SiO, the band offset of conduction band and valence
band is ~9eV, and the barrier height for electrons is 3.1eV and the barrier height for
holes is 4.7eV. The high band offset for both electron and hole has the benefit of low
leakage current. Figure 3.1 shows the calculated band offsets for most high-x
dielectrics [83]. For HfO,, barrier height for electron and hole is 1.6eV and 3.3eV,
respectively. This band alignment is acceptable for nonvolatile memory requirement

and better than other high-k materials such as Ta,Os [33].

(4) High free energy of reaction with Si

For HfO,, the free energy of reaction with Si is about 47.6 kcal/mole at 727°C
(see Table 1.1), which is higher than that of TiO, and Ta,Os. Therefore, HfO, is a

more stable material on Si substrate as.compared,to TiO, and Ta,Os.

(5) High heat of formation

Among the elements in 1\VVA group of-the periodic table (Ti, Zr, Hf), Hf has the
highest heat of formation (271 kcal/mole). Unlike other silicides, the silicide of Hf can
be easily oxidized. And it means that Hf is easy to be oxidized to form HfO, and the

oxide of Hf is usually stable on Si substrate.

(6) Superior thermal stability with poly-Si

Unlike ZrO,, HfO, shows a good thermodynamic stability with poly-Si [84],

[85]. The HfO, would not react easily with poly-Si in high temperature as ZrO; [86].

According to these profits discussed above, we choose HfO, as one of the major

high-k IPDs in our investigation for next decade flash memories.
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3.2 Experimental Details

The n*-polysilicon/HfO, IPD/n*-polysilicon capacitors were fabricated on
6-inch p-type (100)-oriented silicon wafers. Silicon wafer was thermally oxidized at
950°C to grow a 2000A buffer oxide. 2000A bottom polysilicon film (Poly-1) was
deposited on the buffer oxide by low pressure chemical vapor deposition (LPCVD)
system using SiH; gas at 620°C and subsequently implanted with phosphorous at
5e15cm™, 20keV, then activated with RTA at 950°C for 30s. Prior to the growth of
HfO, IPDs, the native oxide covering Poly-I was cleaned by the conventional RCA
cleaning and diluted HF etching in sequence for the removal of particles and native
oxides. The surface of Poly-l1 prepared in this matter was known to be
contamination-free and terminated with atomic hydrogen. After being wet cleaned and
dipped in HF solution, all samples were subjected to ammonia (NHs;) nitridation in the
LPCVD furnace at 800°C for 1%hour. Then, 10nm HfO, IPDs were deposited by
MOCVD system at 500°C. Annealing of HfO, IPDs was carried out by rapid thermal
annealing (RTA) at temperatures ranging from 600°C to 1000°C in an N atmosphere
for 30s. Subsequently, a 2000A top polysilicon layer (Poly-11) was deposited by
LPCVD system and implanted with phosphorous at 5e15cm™, 20keV. Dopants were
then activated with RTA at 950°C for 30s. Finally, 5000A TEOS oxide passivation and
Al metal pads were defined. The cross-sectional view and key process steps of HfO,
inter-poly capacitor with surface NH; nitridation and post-deposition nitrogen

annealing are shown in Figs. 3.2 and 3.3, respectively.

The equivalent oxide thickness (EOT) was obtained from the high frequency
(10kHz) capacitance-voltage (C-V) measurement using a Hewlett-Packard (HP) 4284
LCR meter. The electrical properties and reliability characteristics of the inter-poly
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capacitors were measured using a HP4156C semiconductor parameter analyzer.

3.3 Results and Discussions

3.3.1 Basic Electrical Properties

Figure 3.4 (a) and (b) show the high frequency C-V curves (10kHz) and the
current density-effective electric field (J-E) characteristics of HfO, inter-poly
capacitors with surface NHjs nitridation annealed at 600°C to 1000°C, respectively.
The low capacitance and suppressed leakage current of 1000°C PDA sample can be
ascribed to its thicker EOT, shown in Fig. 3.5. Lower post-deposition annealing
temperature won’t cause large difference in the oxygen diffusivity between HfO, and
Al,O3 film. When annealing temperature is.high. as up to 1000°C, due to the high
oxygen diffusion coefficient of HfO,;.shown-in-Table 1.1, oxygen can easily penetrate
the HfO, film and react with the layer beneath-HfO, film to form thick interface layer.
This effect can be clearly observed in Fig. 3.6. Compared to the low oxygen
diffusivity of Al O3 film, oxygen can penetrate all the way through HfO, film to form
interface layer at high temperature. So, the higher the post-deposition annealing
temperature is, the thicker the interface will be formed. As HfO, is not a good oxygen
diffusion barrier, the control of oxygen concentration and temperature would be very

critical when we apply HfO, film as the inter-poly dielectric in production line.

3.3.2 Electric Field and Leakage Current Density Characteristics

Figure 3.7 depicts the Weibull distributions of the effective breakdown field of
HfO, inter-poly capacitors with surface NHjz nitridation and post-deposition nitrogen
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annealing under (a) positive and (b) negative polarities. In both polarities, the
effective breakdown field of the 800°C PDA annealed HfO, IPD is obviously higher
than those of as-deposited and 600°C PDA samples. And we believe this is due to the
improved thin film quality of 800°C PDA sample. Since HfO, IPD annealed at
1000°C will oxidize underlying Poly-I more effective than others, both large effective
breakdown field and degraded Weibull slope can be explained by thicker interfacial
layer and poor interface morphology. Figure 3.8 demonstrates the Weibull
distributions of the leakage current of HfO, inter-poly capacitors with surface NH3
nitridation at various PDA temperatures in both polarities as the gate bias is 6MV/cm.
The magnitude of the leakage current in both polarities is almost the same, about
10'Alecm? in spite of different PDA temperature. The leakage current of as-deposited
and 600°C annealed samples goes up enormously to 10A/cm? when the gate bias
increases as high as to 5V (about 15.6MV/cm), however there is only three order of
magnitude enhancement in the leakage current-of 800°C PDA sample, as shown in Fig.
3.9. The extreme high leakage current.density of as-deposited and 600°C annealed
samples stands for their breakdown, and this fact will retard their application to the
flash memories [28]. The relatively low leakage current of 1000°C PDA sample is due
to its thicker EOT and thus lower electric field (about 11.3MV/cm) as compared with

that of 800°C PDA sample.

3.3.3 Reliability Characteristics

Figure 3.10 shows Qgp Weibull distributions of HfO, inter-poly capacitors with
surface NHs nitridation at various PDA temperatures under (a) positive and (b)
negative polarities. The EOT of 800°C PDA sample is almost the same as those of
as-deposited and 600°C annealed sample, however, a two order magnitude of
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enhancement in Qgp can be observed. This fact indicates that post-deposition
temperature of 800°C can effectively improve thin film quality of HfO, bulk. On the
other hand, according to percolation model [87], [88], stress-induced defects must get
in a continuous line to form a leakage path. The 1000°C PDA sample will have larger
Qep and Weibull slope because of its thicker EOT. Figure 3.11 presents curves of gate
current density shift of HfO, inter-poly capacitors with surface NHj nitridation and
post-deposition nitrogen annealing under (a) positive and (b) negative constant
voltage stress (CVS) of 1V gate voltage. Electron trapping is observed in both
polarities. As PDA temperature increases, electron trapping rate can be suppressed,
which means improved film quality. However, the reason for small gate leakage
current shift of 1000°C PDA sample is totally different with others. Voltage drop
across HfO, IPD will be decreased as the thickness of interfacial layer increasing,
which will cause the reduction-of the electric-field across HfO, IPD in 1000°C PDA

sample, reduced leakage path formation and-therefore larger Qgp is obtained.

3.4 Summary

The effects of PDA temperature on the electrical properties and reliability
characteristics of the HfO, inter-poly capacitors with surface NHs; nitridation are
evaluated in this chapter. It was found that the electrical properties of HfO, IPD
strongly depend upon the PDA temperature. 800°C annealing is the best condition for
the HfO, IPD electrical characteristics in terms of EOT scaling, leakage current,
electron trapping rate and Qgp. On the other hand, the high oxygen diffusivity of HfO,
film will result in thick I.L. growth, retarding EOT scaling. As the result, the control

of oxygen concentration and temperature would be very critical when we apply HfO,
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film as the inter-poly dielectric in flash memories. Table 3.1 lists several physical and
electrical parameters, including EOT, breakdown electric field, 6MV/cm-biased
leakage current density and 63%-failure Qgp values of the HfO, IPDs with surface

NH; nitridation annealed at various temperatures.
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Table 3.1 EOT, effective breakdown field, 6MV/cm-biased leakage current density
and 63%-failure Qgp values of the HfO, inter-poly capacitors with surface NH;

nitridation under positive and negative CVS at various PDA temperatures in N,

ambient.
PDA Esp Jg@6MV/cm 63% QBD
EOT 5 )
Temp. (MV/cm) (nA/cm®) (mC/cm”)
. (A)
(°C) positive | negative | positive | negative | positive | negative
As-dep 313 12.86 13.63 162 278 0.9 1.0
600 311 13.37 14.60 245 355 0.33 0.76
800 32.2 19.69 20.24 245 550 103 16
1000 42.3 20.14 21.75 110 309 172 11.5
tlxll‘.{u\'}
4.0 ¢
3.1 2.9
el B B $
1.0 t e -
Ee /——"F————"——= i L A e 't """
Egof Si{ 1.12¢V )
Evy oo e
1.0 |
v
2-:' I-H
I ' L 3
3.0 3.2 33 3.0
40 ¥
4.7 4.3
AN
Poa(eV) Si0, Si,N,  ALO, 7r0, HfO, Ta,05
K-Value (3.9) (7) (9~11) (25~40)  (25~40) (25~40)

Fig. 3.1 Band alignment of typical high-k dielectrics.
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Fig. 3.3 Key process steps of HfO, inter-poly capacitors with surface NHj nitridation

and post-deposition nitrogen annealing.
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Fig. 3.4 (a) C-V curves and (b) J-E characteristics of HfO, inter-poly capacitors with

surface NHs nitridation and post-deposition nitrogen annealing.
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Fig. 3.8 The Weibull distributions of the leakage current density of HfO, inter-poly
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capacitors with surface NH3 nitridation and post-deposition nitrogen annealing under
(a) positive and (b) negative polarities as the gate bias is 5V.

- 40 -



CHAPTER 3: EFFECTS OF HFO, PDA TEMPERATURE

4 LRI | LI LLL | LRI | LI LLL | LB
® as-deposited v g L
3 v 600°C PDA -
B 800°C PDA
__ 2 # 1000°CPDA -
T positive Vg
P 1 v o a -
A v ()
£ K ]
- OF Y -
= g S
1r vo n " 7
v ©® [ ] 2
2 v e ] L 2 .
v ©® [ |
-3 T T B S S ETET! B ST S AT R S S W W YT S S S e
0.01 0.1 1 10 100 1000
Charge to Breakdown ( mC/cm? )
(@)
4 LI | LELELELILLLL | LI | LELELELILLLL | LI AL
O as-deposited v O <0
3F W 600°CPDA .
O 3800°C PDA
2 < 1000°C PDA -

negative Vg

In[ -In( 1-F)]
i

#

-1 F Q -
v/ >

2k oOv oo -

_3 21l OIV s il 21 a1l L1l R

0.01 0.1 1 10 100 1000

Charge to Breakdown ( mC/cm? )
(b)

Fig. 3.10 Qgp Weibull distributions of HfO, inter-poly capacitors with surface NH;

nitridation at various PDA temperatures under (a) positive and (b) negative polarities.

-41 -



CHAPTER 3: EFFECTS OF HFO, PDA TEMPERATURE

—~ 00¢ -
< - ]
o [ ]
— 05 .
= L 4
(‘,—_) r ]
— -10F ]
c r :
w B -
= - ]
> -15F .
@) [ ]
> qF :
(xs 20F _o- as-deposited ]
s [ —¥— 600°C PDA ]
— o5 L —=— 800°C PDA b
) [ —— 1000°C PDA CVS@Vy=+1V ]
© A e
) 3.0 [ 1 1 1 1 1 1 1 1 1 1 1 ]

0O 10 20 30 40 50 60 70 80 90 100 110

Time ( sec)
@

<30 ' ! T T T T T T T T ]
E : as-deposited ]

o -O—
— 55 [ —v— 600°C PDA h
£ [ —— 800°C PDA :
: ! ° lllllllllllllllllllll’lllll’l(:z(zzz: ]
- - 1000°C PDA “""““'i&ii’(&ﬁﬂ(«(((«(««««(««({ggg “““““ 0 ]
20 F e W ]
4— L ‘(\k««(\ e ,\,\.\‘\\\\\\\\\\\\\\\\\ N ]
GCJ [ > 7 ‘“\\“\\\\\\\\ :
= . "’;“6 \“‘"\'\'\'\\\\\\\\ -~ ]
S 15F AW ||||lll""'"""'"'""""""""""""""" 1 b
@ : S IIII:l||||||||||||||||||||||||||||||||||||||||||||||||||||||- )
0] [ ",i?z“l‘l’,u::::::.u‘iulluuuum ]
= [ A ! -
S 1.0} ;i B O
E ' LK
4 L A RS :
- 0 5 = l. ‘\\‘ \\;\\\\\ ]
) L = ORI ]
8 3 ';3\\ CVS@Vg i
© L & -
° 0.0 —— : L 1 1 1 1 1 1 . 4

0O 10 20 30 40 50 60 70 80 90 100 110
Time (sec)
(b)

Fig. 3.11. Curves of gate current density shift of HfO; inter-poly capacitors with
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CHAPTER 4

Conclusions and Recommendations for Future Works

4.1 Conclusions

According to SIA roadmap, oxide thickness small than 20A is necessary for
deep sub-quarter micron devices. However, pure SiO, can’t meet the requirement due
to the large tunneling current. In our:Study, it was found that the electrical properties
of Al,O; and HfO, IPD strongly depend upon the PDA temperature. The PDA
temperature up to 1000°C may cause Al,O3 film crystallization and thus poor quality.
Additional 900°C PEA is beneficial to improve thin film quality because it can reduce
the damage generated during the Poly-I1 patterning. For HfO, IPD, since HfO; is not a
good oxygen diffusion barrier, the control of oxygen concentration and temperature
would be very critical when we apply it as the inter-poly dielectric in the flash
memories. 800°C and 900°C annealing are the best condition for the HfO, and Al,O3
IPD respectively. Table 4.1 lists the comparison of 800°C PDA HfO, IPD and 900°C
PDA with 900°CPEA Al,O3 IPD samples in terms of EOT, effective breakdown field,

6MV/cm-biased leakage current density and 63%-failure Qgp values.
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4.2 Recommendations for Future Works

1. More HRTEM images to evidence thickness variation and interfacial layer

reaction.
2. More physical analyses to quantitatively understand film composition.

3. Fully Fabricated stacked-gate flash memories with high-« inter-poly dielectrics
to study the device characteristics, including program/erase speed, retention time

and charge loss mechanism.
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Table 4.1 Comparison of 800°C PDA HfO, IPD and 900°C PDA with 900°CPEA

Al,O3; IPD samples in terms of EOT, effective breakdown field, 6MV/cm-biased

leakage current density and 63%-failure Qgp values.

Esp Jg@6MV/cm 63% QBD
IPD EOT
(MV/cm) (nAlcm?) (mC/cm?)

material (A)

()Y | )y )y )y )y Qo)

800°C PDA HfO, | 32.2 19.7 20.2 245 550 103 16

900°C PDA with
900°CPEA Al;0O3

55.5 18.0 18.8 6.0 3.1 6570 610
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