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Abstract

For the system on a 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 a low leakage current
and a good reliability, the replacement of nitrided oxides and high dielectric constant
(high-«) materials for the silicon dioxide (SiO;) and additional treatment have become

indispensable.

The first objective of this dissertation is to apply the pre-oxidation nitrogen
implanted Si substrate (NIS) and post-oxidation nitric oxide (NO) annealing to
improve reliabilities of conventional SiO, gate dielectric. Then, investigates the

impact of high-k materials serving as the IPDs and tunnel dielectrics (TDs) on the
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programming/erasing performances of stacked-gate flash memories through 2-D
Medici simulation. Finally, the surface NH3 nitridation and post-deposition annealing
(PDA) temperature effects of the reactive-sputtered (RS) and metal organic chemical

vapor deposition (MOCVD) high-k IPDs is studied.

Firstly, we focused on the dielectric characteristics and reliability phenomena of
NIS nitrided oxides with NO- and Nj-annealing comparing to conventional SiO; gate
oxide. It was found that a nitrogen pile-up occurred near the interface after
NO-annealing, while NIS produced a uniform nitrogen distribution in the dielectric
bulk. Incorporated nitrogen atomic concentration is also affected on the initial oxide
thickness; thinner oxide thickness, higher nitrogen atomic concentration. Nitrogen
pile-up near the interface is beneficial to,enhance dielectric reliabilities in terms of
smoothen interface roughness, réduced hole trapping, improved time-to-breakdown
(tsp) and charge-to-breakdown (Qgp). Moreover, it was found that the dielectric
reliability is strongly dependent-on the ‘NIS-dosage: NIS with a dosage smaller than
1x10™ cm™ is found to be useless inthe oxidation rate suppression but degrades
dielectric reliability simultaneously. On the contrary, the samples with 1x10% cm™
NIS dosage not only exhibit a significantly reduced oxidation rate, which can be used
to grow multiple oxide thicknesses to meet the SOC requirement, but also improve
stress immunity. NIS nitrided oxides with NO-annealing depict superior dielectric

reliability and this technique appears suitable to replace the traditional SiO, at 0.13

um technology node and beyond.

Secondly, the effects of high-k IPDs and TDs on a flash memory performance
will be presented. By 2-D MEDICI simulation, flash memories with high-x IPDs
clearly exhibit significant improvement in programming/erasing speed over those with

conventional ONO IPD. Moreover, it is found that high-x IPDs are more effective for

-V-



Yeong-Yuh Chen’s Ph. D. Dissertation

the memories programmed/erased with Fowler-Nordheim (FN) tunneling rather than
channel hot electron (CHE) injection. Choosing HfO, as the IPD and using F-N
programming/erasing scheme, the operating voltage can be reduced 48% at a typical
program time of 10 ps and 0.1 ms erasing time. Our results also show that dielectrics
with very high permittivity (x > 25) may not be necessary for the IPD in stacked-gate
flash memories. On the other hand, the effect of high-k TDs is quite contrary to the
high-x IPDs. Due to the reduced gate coupling ratio, the programming/erasing speed
of stacked-gate flash memories with high-x TDs by using FN tunneling is helpless in
operation voltage reduction. Although the electric field on high-k tunnel dielectrics is
lower than SiO, tunnel oxide, enhanced impact ionization rate and lower barrier
height contribute to higher CHE injection current and efficiency. Consequently,
high-x TDs are only effective for the memories programmed/erased with hot electron
injection rather than FN tunneling..Due to the.contrary programming/erasing schemes,
high-k IPDs and TDs are suitable :for-NAND- and NOR-type stacked-gate flash

memories, respectively.

Finally, the effects of surface NH3 nitridation of the bottom poly-Si film and
PDA temperature on the electrical properties and reliability characteristics of RS and
MOCVD high-k inter-poly capacitors were evaluated. The polarity-dependent
dielectric properties of RS Al,O3 IPD were strongly affected by the surface nitridation
and the annealing temperature. For positive gate bias, IPD with NH; surface
nitridation were found to significantly suppress the formation of an additional layer
with lower dielectric constant during the post-annealing process and obtain a
smoother interface, compared to those without nitridation treatment. Furthermore, the
presence of a thin Si-N layer can make PDA more effective in eliminating traps

existing in the as-deposited films and improve dielectric characteristics under negative

-VI -
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polarity. As a result, the smoother interface and smaller electron trapping rate
contribute to the drastically reduced leakage current, enhanced breakdown field, and
Qep of the RS Al,O3 inter-poly capacitors with surface NH3 nitridation. Moreover,
the electrical properties of RS Al,O3 IPD are heavily dependent upon the PDA
temperature. The sample exhibits optimal quality in terms of leakage current, electron
trapping rate and Qgp When annealed at 900°C. X-ray photoelectron spectroscopy and
Auger electron spectroscopy analyses have shown that this occurrence arises from the
composition variations under different annealing conditions and excess oxygen, which
can act as an electron trapping center, playing an important role in determining the
IPD electrical properties. The results apparently demonstrate Al,O3 IPD with surface
nitridation and optimized PDA temperature can effectively reduce charge transfer
between CG and FG, better retention and disturb characteristics are expected by
replacing ONO IPD to Al,0O3; IPD.MOCVD Al;O3 and HfO, IPD are investigated in
order to further promote Qgp-0f RS- -Al,O0s-IPD. The Qgp can be significantly
improved as well as reduced leakage-current density, enhanced breakdown voltage
and effective breakdown field by using MOCVD replacing RS. As thin as 5nm and
3nm EOT of Al,0O3 and HfO, IPD is suitable to meet the requirement of 45nm and

32nm generation stacked-gate flash memories, respectively.

-VII -
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The C-V curves of the 19A NO-annealed GOX. Inset shows corrected C-V
curves by two-frequency method.

Extracted dielectric constants of NO- and Nj-annealed GOX. NO-annealed
GOX has higher dielectric constant than N,-annealed GOX.

Extracted oxide thickness ,ariations between DTIV and QMCV of NO-
and Nj-annealed GOX: Both. DTV and QMCV thickness show highly
agreement with TEM-thickness.

Direct tunneling current density of 19A -and 22A NO- and Nj-annealed
GOX. NO-annealing-does not deteriorate leakage current.

(a) Normalized C-V curves:of 19A:and 22A NO- and N,-annealed GOX.
(b) Magnify (a) for clearly comparison between NO- and Nj-annealed
GOX. NO-annealing exhibits negative flat-band voltage shift and slightly
increases interface state density.

(@) XPS nitrogen depth profiles (b) nitrogen peak concentrations of
NO-annealed nitrided oxides varied with initial oxide thickness.
NO-annealing piles-up nitrogen near the interface and more N incorporates
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SILC characteristics of 19A NO- and Nz-annealed GOX at -3.8V CVS for
100sec. Maximum current increment after CVS occurs near flat band
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(a) SILC characteristics (b) transient hole-trapping behavior of 22A NO-
and N-annealed GOX at -4V CVS. NO-annealing can suppress both
hole-trapping and maximum trap generation rate occurred near flat-band
region during constant voltage stress.

Maximum trap generation rate of 22A N- and NO-annealed GOX stressed
at (a) -4V constant voltage stress (b) -20 mA/cm? constant current stress.
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NO-annealing can reduce hole-trap generation rate during both voltage and
current stress.

(a) TDDB Weibull plots of 19A and 22A N,- and NO-annealed GOX at
-4.3V CVS. (b) Qesp Weibull plots of 22A N,- and NO-annealed GOX at
-20 mA/cm?® CCS. NO-annealed nitrided oxides exhibits higher stress
immunity than Nj-annealed oxides.

The HRTEM cross-sectional images of 22A (a) N,- and (b) NO-annealed
GOX. NO-annealing has smoother interface than Nz-annealing.

Plots of weibull slope of 19A and 22A N,- and NO-annealed GOX.
NO-annealing clearly enhances Weibull slope.

10-year lifetime projection of 19A and 22A N,- and NO-annealed GOX.
Inset also indicates voltage acceleration factors.
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Plots of high frequency C-V curves of 22A (a) N,-annealed (b)
NO-annealed NIS nitrided.oxides..Significant oxidation rate retardation is
inspected as NIS dosage larger.than x10' cm™. As NIS dosage larger
than 1x10™ cm™, clear Vg shift:and D increment is observed.

(a) Oxide thickness (b) dielectric constant-as a function of nitrogen dosage
implanted into the silicon substrate before oxidation. Dielectric constant
increases from 3.9 to 4.6 for NO-annealed NIS nitrided oxides with heavy
implantation dosage.

Direct tunneling leakage current density as a function of gate voltages of
22A (a) Ny-annealed (b) NO-annealed NIS nitrided oxides. Direct
tunneling leakage current density is strongly dependent on the dosage of
nitrogen implanted into Si substrate..

(a) XPS depth profiles of 22A NO-annealed nitrided oxides with 4x10™
cm® NIS. Evidence of SisN-like interface is observed. (b) SIMS nitrogen
depth profiles of 30A NO-annealed NIS nitrided oxides. NIS incorporates
uniform nitrogen distribution in the bulk.

SILC characteristics of 22A (a) Nz-annealed (b) NO-annealed NIS nitrided
oxides at -4V CVS for 100sec. Maximum current increase after CVS
occurs near flat band region. Increased SILC is negligible for 1x10™ cm™
NIS nitrided oxides.

(a) Transient hole-trapping behaviors (b) maximum trap generation rates of
22A NO-annealed NIS nitrided oxides at -20 mA/cm?® constant current
stress. NIS nitrided oxides with 1x10™ cm™ dosage has negligible trap
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generation rate for both CVS and CCS.

() tsp Weibull distribution (b) Weibull slopes of 22A NO-annealed NIS
nitrided oxides under -4.3V constant voltage stress. The reliability of NIS
nitrided oxides is substantially relied on NIS dosage, tsp and Weibull slope
are increased only for NIS nitrided oxides with 1x10™ cm™ dosage.

The HRTEM cross-sectional images of 22A N,-annealed NIS nitrided
oxides. (a) without NIS (b) 10" cm™ (c) 10* cm™ (d) 10" cm™. Sample
with 10 cm NIS not only smoothes interface but also reduces physical
thickness.

The HRTEM cross-sectional images of 22A NO-annealed NIS nitrided
oxides. (a) without NIS (b) 10" cm™ (c) 10* cm™ (d) 10* cm™. Sample
with 10%° cm NIS not only smoothes interface but also reduces physical
thickness.

Substrate surface roughness of NO-annealed NIS nitrided oxides after
dielectrics removal by diluted HF solution. Evidence of smooth interface is
revealed for samples with 10" cm™ NIS and post-oxidation NO annealing.

Chapter 4

Fig. 4.1

Fig. 4.2

Fig. 4.3

Fig. 4.4

Fig. 4.5

Fig. 4.6

(@) Simulated 0.45.um n-channel device structure (b) equivalent electrical
model of stacked-gate flash-memuories with several high-x IPDs and TDs.
Asymmetry source/drain._junction. for enhanced source-side erasing
efficiency. Programming by either CHE or CFN injection; erasing by SFN
erasing.

(@) IPD (b) TOX electric field as a function of control gate voltages of
erased state stacked-gate flash memories with high-k IPDs and SiO; TOX
under Vp = Vg = Vs = -9.0V. High-k IPDs can reduce IPD electric field as
well as enhance TOX electric field.

(@) Linear region (b) saturation region transfer characteristics of
stacked-gate flash memories with high-x IPDs and SiO, TOX. High-x
IPDs can increase drive-in current as well as enhance gate control ability,
especially at high drain voltage.

Output characteristics of stacked-gate flash memories with high-x IPDs
and SiO, TOX at (Vs - VH) = 10V.

Substrate current of stacked-gate flash memories with high-x IPDs and
Si0, TOX. Maximum substrate current is independent of the k-values.

(@) CHE current injected to FG (lgs) (b) CHE injection efficiency (defined
as lec/lps) as a function of control gate voltages of stacked-gate flash
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memories with high-k IPDs and SiO, TOX. High-« IPDs slightly enhance
injection efficiency than ONO IPD, but not significantly.

CHE programming time as a function of control gate voltages of
stacked-gate flash memories with high-k IPDs and SiO, TOX.

CFN current injected to FG as a function of control gate voltages of
stacked-gate flash memories with high-kx IPDs and SiO, TOX.

CFN programming time as a function of control gate voltages of
stacked-gate flash memories with high-k IPDs and SiO, TOX. Significant
improvement in CFN programming speed for high-« IPDs is indicated.

(@) Absolute IPD (b) TOX electric field as a function of control gate
voltages of programmed state stacked-gate flash memories with high-k
IPDs and SiO, TOX under Vs = 5.0V. Drain and substrate terminals are
floating. High-x IPDs can reduce IPD electric field as well as enhance
TOX electric field.

Band diagrams of programmed state flash memories at the outset of erase
for (a) high-x IPDs and (b) ONO IPD.

SFN current ejected from FG_of stacked-gate flash memories with high-k
IPDs and SiO, TOX ander-Vs|= 5.0V, floated drain and substrate terminal.

SFEN erasing time of stacked-gate flash memories with high-x IPDs and
SiO, TOX. High-x IRDs crucially-improve SFN erasing speed.
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(@) IPD (b) TD electric field as a function of control gate voltages of erased
state stacked-gate flash memories with HfO, IPD and high-x TDs under
Vp = Vg = Vs =-9.0V. High-x TDs can increase IPD electric field as well
as reduce TD electric field.

(@) Linear region (b) saturation region transfer characteristics of
stacked-gate flash memories with HfO, IPD and high-x TDs. The flash
memories with HfO2 IPD and high-k TDs not only depict the degraded
subthreshold swing but also exhibit significantly large off-state current.
Output characteristics of stacked-gate flash memories with HfO, IPD and
high-x TDs.

Substrate current of stacked-gate flash memories with HfO, IPD and
high-k TDs. Maximum substrate current is substantially dependent of the
k-values of TDs.

(@) CHE current injected to FG (b) CHE injection efficiency as a function
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of control gate voltages of stacked-gate flash memories with HfO, IPD and
high-k TDs at Vps = 5.0V. Flash memories with high-x TDs dramatically
enhance injection efficiency than SiO, TOX.

CHE programming time as a function of control gate voltages of
stacked-gate flash memories with HfO, IPD and high-k TDs at Vps = 5.0V.
CFN current injected to FG as a function of control gate voltages of
stacked-gate flash memories with HfO, IPD and high-k TDs at Vps = 5.0V.

CFN programming time as a function of control gate voltages of
stacked-gate flash memories with HfO, IPD and high-x TDs at Vp = Vg =
Vs = -9.0V. Obvious degradation in CFN programming speed for high-«
TDs is indicated.

(a) Absolute IPD (b) TD electric field as a function of control gate voltages
of programmed state stacked-gate flash memories with HfO, IPD and
high-k TDs under Vs = 5.0V. Drain and substrate terminals are floating.
High-k TDs would increase IPD electric field as well as reduce TD electric
field.

SFN current ejected from FG of stacked-gate flash memories with HfO,
IPD and high-k TDs under Vs = 5.0V, floated drain and substrate terminal.

SFN erasing time of stacked-gate flash-memories with HfO, IPD and
high-k TDs. High-k TDs crucialty-deteriorate SFN erasing speed.
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Fig. 6.1

Fig. 6.2

Fig. 6.3

Fig. 6.4

Fig. 6.5

Cross-sectional view of Al,O; inter-poly capacitor with surface NH;
nitridation and post-deposition oxygen annealing.

Key process steps of Al,Os; inter-poly capacitor with surface NHj
nitridation and post-deposition oxygen annealing.

(a) J-E characteristics (b) C-V curves of 800°C-annealed Al,O3 inter-poly
capacitors with and without surface NHj; nitridation under both polarities.
Surface nitridation is beneficial in thinning EOT and lowering leakage
current density compared to samples without nitridation.

High resolution TEM images of Al,O3z inter-poly capacitors after 800°C
annealing (a) with (b) without surface NH3 nitridation. Physical thickness
of Al,O3 IPD is estimated to be 8.5 nm. Samples with NH3 nitridation
can effectively reduce interfacial layer growth and smooth interface
roughness.

Leakage current density Weibull distributions at 3 MV/cm and 8 MV/cm
of 800°C-annealed Al,Os inter-poly capacitors with and without NH;
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nitridation under (a) positive V¢ (b) negative V. Surface NHj nitridation
can effectively reduce low and high field leakage current under both
polarities.

Effective breakdown field Weibull distributions of 800°C-annealed Al,O3
inter-poly capacitors with and without NHj3 nitridation in both polarities.

Dielectric relaxation current of 800°C-annealed Al,Os inter-poly capacitors
with and without NHs nitridation in both polarities.

(a) Curves of gate voltage shift (b) Qsp Weibull plots of Al,O3 inter-poly
capacitors after 800°C annealing with and without surface NHj3 nitridation
under constant current stress. Samples with NHg nitridation can suppress
electron-trapping generation and increase Qgp.

(@) Measuring temperature dependence of leakage current density (b)
Fowler-Nordheim tunneling fitting of Al,O3 inter-poly capacitors after
800°C annealing with and without surface NHj3 nitridation.

AFM images (S5umx5um) of the poly-lI surface before Al,O3 IPD
deposition (a) with (b) without surface NH3 nitridation, and after 800°C
O, annealing (c) with-(d) without:surface NHj nitridation. Surface
nitridation can eliminate surface roughness apparently.

AES depth profiles-of ‘Al,O3 inter-poly capacitors after 800°C annealing
with and without surface”NHs—nitridation. Surface nitridation clearly
suppresses interfacial Al,;O and Si inter=diffusion.
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Fig. 7.1

Fig. 7.2

Fig. 7.3

Fig. 7.4
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(@) C-V curves (b) J-E characteristics of Al,O3 inter-poly capacitors with
surface NHj nitridation annealed at 800°C to 1000°C in O, ambient. Al,Os
inter-poly capacitor with 900°C PDA in O, ambient is beneficial in scaling
EOT and suppressing low-field leakage current density.

(a) As-fabrication trap densities evaluation at 2 MV/cm constant voltage
stress (CVS) (b) dielectric relaxation current of Al,Oj3 inter-poly capacitors
with surface NHj nitridation annealed at 800°C to 1000°C in O, ambient.
Al O3 inter-poly capacitor with 900°C PDA in O, ambient can reduce
as-fabricated trap densities.

(a) Curves of gate voltage shift (b) Qsp Weibull plots of Al,O3 inter-poly
capacitors with surface NH3 nitridation annealed at 800°C to 1000°C in O;
ambient under constant current stress. Al,O3 inter-poly capacitors with
optimized 900°C PDA can suppress electron-trapping and increase Qgp.

k-value and IL thickness extraction of Al,O3 inter-poly capacitors with
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surface NHj5 nitridation annealed at 800°C to 1000°C in O, ambient.

Temperature dependence of gate current density at 6 MV/cm of Al,O;
inter-poly capacitors with surface NHj; nitridation annealed at 800°C to
1000°C.

(@) Centroid of trapped charges (b) trapped charge density of Al,O3;
inter-poly capacitors with surface NH3 nitridation annealed at 800°C to
1000°C in O, ambient under constant current stress. Al,O3 inter-poly
capacitors with optimized 900°C PDA can suppress electron trapping rate
below 10,

Band diagrams of Al,Oj3 inter-poly capacitors with surface NHj nitridation
under (a) positive (b) negative gate voltage biased to the Poly-Il. Al,O3
inter-poly capacitors at negative polarity show less electron trapping and
gate voltage shift.

(@) XPS binding energy spectrum (b) corresponding XPS binding energy
spectrum after arranging to the equivalent background signal for the O 1s
and Al 2p signals as a function of PDA temperatures with C 1s calibration
at 284.5 eV. The binding'energy of Otand Al signals is strongly dependent
on PDA temperature.

Al and O atomic concentrations extracted-from XPS as a function of PDA
temperatures with C'1s calibration.at 284.5 eV.

Weibull plots of effective breakdown field of Al,O3 inter-poly capacitors
with surface NHj3 nitridation annealed at 800°C to 1000°C in O, ambient.
AFM images (S5umx5um) of the poly-1 surface of Al,O3 inter-poly
capacitors with surface NH; nitridation for (a) as-deposited (b) 800°C (c)
900°C (d) 1000°C PDA in O, ambient. Surface roughness becomes more
severe as PDA temperature increasing.

XRD spectra for aluminum oxide on Si(100). Al,O3 IPD is crystallized
while PDA temperature larger than 900°C.

AES depth profiles of Al,O3 IPD with surface NH3 nitridation annealed at
800°C to 1000°C in O, ambient. The signal of N is magnified by 5 times.

Chapter 8

Fig.

Fig.

8.1

8.2

Current density at 5V as a function of EOT for various IPDs. High-« IPDs
can reduce leakage current larger than 1-order of magnitude.

Breakdown voltage as a function of EOT for various IPDs. High-x IPDs
exhibits higher breakdown voltage than TEOS IPD.
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Fig. 8.3  Effective breakdown field as a function of EOT for various IPDs. High-«
IPDs exhibits higher breakdown field than TEOS IPD.

Fig. 8.4  Charge-to-breakdown as a function of EOT for various IPDs. High-k IPDs
exhibits higher Qgp than TEOS IPD.
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CHAPTER 1

Introduction

1.1 Background

The rapid progress of complementary metal-oxide-semiconductor (CMOS)
integrated circuit technology since the late 1980’s has enabled the Si-base
microelectronics industry to simultaneously meet several technological requirements
to fuel market expansion. These:requirements include performance (speed), low static
(off-state) power and a wide range of power supply: and output voltages [1]. This has
been accomplished by developing-the ability to perform a calculated reduction of the
dimensions of the fundamental active device in the circuit, following the “Moore’s
law”, doubling about every two or three years since about 1980 [2]-[4]. The result has
been a dramatic expansion in technology and communications markets including the
market associated with high-performance microprocessors as well as low static-power

applications, such as wireless systems.

It can be argued that the key element enabling the scaling of the Si-based
metal-oxide-semiconductor field effect transistor (MOSFET) is the materials and
resultant electrical properties associated with the dielectric employed to isolate the
transistor gate from the Si channel for decades: silicon dioxide (SiO;). The use of
amorphous, thermally grown SiO; as a gate dielectric offers several key advantages in

CMOS processing including a stable (thermodynamically and electrically),
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high-quality Si-SiO, interface as well as superior electrical isolation properties. In
modern CMOS processing, defect charge densities are on the order of 10 cm?,
midgap interface state densities are ~ 10'° cm™2eV™* and hard breakdown fields of 15
MV/cm are routinely obtained and are therefore expected regardless of the device

dimensions. These outstanding electrical properties clearly present a significant

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

Over the years, there have been several major evolutions in silicon digital logic
technology. CMOS technology has become the most popular digital logic technology
for all IC industry, owing to its low standby power dissipation and scaling properties.
Oxide thickness scaling has long been recognized as one of major keys for devices
scaling. High drive current and thereby improved device performance can be achieved
by reducing oxide thickness. It suggestsithat-at the.current rate of progress, Fig. 1.1
stresses the urgent need for a nitrided oxides (SIOxNy) and high dielectric constant (k)
gate dielectrics for low stand-by power application after the year 2002 and 2006,
respectively [7]. Besides, 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 may

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 the leading candidates to replace pure
SiO; [8]-[14]. Figure 1.2 shows the expected equivalent oxide thickness (EOT) trends
from the published 2003- ITRS roadmap. It suggests nitrided oxides can extend SiO,
limitation to 2006 without massive change in production technologies. Nitrided oxides
exhibit several properties superior to those of conventional thermal SiO,, the more

important being suppression of boron penetration from the poly-Si gate and enhanced
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reliability. Nitrogen also reduces hot-electron-induced degradation [15]. The dielectric
constant of the oxynitride increases linearly with the percentage of nitrogen from «
(SiOy) = 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-x materials, including
aluminum oxide (Al;O3), hafnium oxide (HfO;) and zirconium oxide (ZrO;) etc
[17]-[20]. The most benefic for high-ik dielectrics is leakage current reduction by
several orders of magnitude at the same EOT compared to SiO,. 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-k “dielectrics are paid much attention on the flash
memory applications [21]-[27]. The thickness'of inter-poly dielectric (IPD) and tunnel
dielectric (TD) in stacked-gate flash memory‘had meet 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-x 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 oxide



Yeong-Yuh Chen’s Ph. D. Dissertation

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

even with heavy nitridation.

To successfully employ the high-x IPD and TD into flash memory, one must
take charge retention issues into consideration and make sure that the barrier height
(ps) between Si and the new adopted high-« dielectrics should be larger than 1.5eV
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

Recent publications suggest that the performance of CMOS-based devices
depends on both the concentration and distribution of the nitrogen atoms incorporated
into the gate dielectric [9]-[11], [34]-[36]. For example, excessive nitrogen at the
interface may reduce peak carrier mobility in the channel of MOSFETSs and may allow
boron accumulation in the oxide, which, in turn, may result in device instabilities [34].
One possibility is an SiOxNy film with two nitrogen-enhanced layers: first, nitrogen at
or near the Si/SiOxNy interface to improve hot-electron immunity, and second, an
even higher nitrogen concentration at the SiOyxNy/polysilicon interface, as this is
where it can best be used to minimize the penetration of boron from the heavily doped
p* poly-gate electrode [37]. Thermal nitridation of SiO, in nitric oxide (NO) or nitrous

oxide (N20) is a commonly used method to incorporate nitrogen near the interface
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[37]-[39]. Although N,O processing similarity to O, permits N,O to replace oxygen in
oxidation reactors/furnaces, oxynitridation in N,O is complicated by the fast
gas-phase decomposition of the molecule into N, O,, NO and O at typical oxidation
temperatures, 800 - 1100°C [13]. Therefore, NO-annealing of an initial oxide is
preferred to prepare nitrided oxide with sufficient concentration in a reasonable
thermal cycle [9], [14], [36], [39]. Compared to N,O, oxynitridation in NO results in
more nitrogen incorporation at equivalent temperatures [9], [40], [41]. In addition, NO
oxynitrides exhibit lower leakage currents and interface defect densities, as well as
improved electrical stress properties [9], [36], [40]. On the other hand,
system-on-a-chip has gradually become the trend of CMOS technologies. As a result,
circuit architecture and material reliability are both mixed into the design
consideration. In these applications; minimizing process steps and forming thermally
stable dual oxide thickness CMOSFETS are essential. One of the ways for reducing
the number of process steps is to implant-nitrogen into Si substrate in order to obtain

two gate oxide thickness on the same thermal.eycle [42], [43].

Recently, aluminum oxide (Al,O3) [17], [44]-[46] and hafnium oxide (HfOy)
[20], [47]-[50] had been proved as promising candidates for the gate dielectrics of
sub-0.1 um device due to their higher x, relatively high ¢g and superior thermal
stability, shown in Table 1.1. Thanks to the high dielectric constant and high thermal
stability, Al,O3 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
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.
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1.3 Organization of the Dissertation

There are nine chapters in this dissertation. Chapter 1 shows the background and

motivation for the application of the ultrathin nitrided oxides and high-« dielectrics.

In Chapter 2, the reliabilities of sub-3nm nitrided oxides formed by
NO-annealing are shown. In our study, N atomic concentration is shown to depend on
the initial oxide thickness, i.e., concentration increases as oxide thickness decreases,
which was desired for the improvement of dielectric reliability in the ultra-thin
thickness region. NO-annealing can achieve better SILC immunity for both constant
voltage and constant current stress. Moreover, NO-annealing also improves interface

smoothness and results in tighter TDDB distribution.

In Chapter 3, the reliabilities of sub-3nm nitrided oxides formed by
nitrogen-implanted silicon substrate- (NIS)-are investigated. NIS dosage less than
1x10™ cm? is helpless to oxidation rate suppression and degrades dielectric reliability
simultaneously. On the contrary, samples with 1x10* cm™ NIS not only can use to
grow multiple oxide thickness to meet SOC requirement, but also improve stress
immunity apparently. Nitrogen implantation also generates a uniform distribution
nitrogen profile in the dielectric bulk, which can be used as an effective diffusion
barrier to resist boron penetration. In conclusion, both NO-annealed and NIS nitrided
oxides can improve dielectric reliability and are suitable to replace traditional SiO, at

0.13um and beyond.

In Chapter 4, the program/erase performance of stacked-gate flash memory with
high-x IPDs and SiO, TOX are compared to ONO IPD. From MEDICI simulation,

Al,O; IPD and HfO, IPD can increase gate-coupling ratio by 45% and 92%,
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respectively. By 2-D MEDICI simulation, flash memories with high-x IPD clearly
exhibit significant improvement in programming/erasing speed over those with
conventional ONO IPD. Moreover, it is found that high-k IPD is more effective for
the memories programmed/erased with Fowler-Nordheim (FN) tunneling rather than
channel hot carrier (CHE) injection. Choosing HfO, as the IPD and using FN
programming/erasing scheme, the operating voltage can be reduced 48% at a typical

program time of 10 us and 0.1 ms erasing time.

In Chapter 5, the program/erase performance of stacked-gate flash memory on
the k-value of tunnel dielectric are studied. The effect of high-x TD is quite different
with high-x IPD. Due to the reduced gate coupling ratio, the programming/erasing
speed of stacked-gate flash memories with_high-k TD by using FN tunneling is
helpless in operation voltage reduction. Onthe .othér hand, the increased electric field
on HfO, IPD would produce excess charge loss and narrow the operation window
between programmed and erased state. Although the electric field on high-x tunnel
dielectrics is lower than SiO, TOX, ‘enhanced impact ionization rate and lower
electron barrier height contribute to higher CHE injection current and efficiency.
Consequently, high-k TD is more effective for the memories programmed/erased with
hot electron injection rather than FN tunneling. Due to the contrary improvement in
programming/erasing schemes, high-x IPD and TD is suitable for next-generation

NAND and NOR type stacked-gate flash memories, respectively.

In Chapter 6, the effects of surface ammonia (NHs;) nitridation on inter-poly
characteristics of reactive-sputtered (RS) Al,Oj3 dielectrics are evaluated. With surface
NHj3 nitridation, the formation of an additional layer with lower dielectric constant
during post-annealing process can be significantly suppressed and reduced, compared

to that without nitridation treatment. Furthermore, the presence of a thin Si-N layer
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can make post-deposition annealing more effective in eliminating traps existing in the
as-deposited films. As a result, a smoother interface and smaller electron trapping rate
can contribute to the drastically reduced leakage current, enhanced breakdown field

and Qgp of Al,O3 interpoly capacitors with surface NHj nitridation for both polarities.

In Chapter 7, the effects of post-deposition annealing (PDA) temperature on
inter-poly characteristics of RS Al,O3 dielectrics are examined. 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 characteristic in terms of
leakage current, electron trapping rate and charge-to-breakdown. The XPS and AES
analyses indicate that this consequence is closely related to the compositional changes
and excess oxygen concentration when changing annealing temperature. The results
apparently demonstrate Al,O3; IPD. with surface’. nitridation and optimized PDA
temperature can effectively reduce charge transfer between CG and FG, better
retention and disturb characteristics-are expected by replacing ONO IPD to Al,Os

IPD.

In Chapter 8, thickness scaling down and reliability promotion of next-decade
suitable IPD are inspected. The results clearly indicates high-k IPDs, regardless of
deposition tools, exhibits high potential to replace TEOS IPD. Moreover, MOCVD
deposition demonstrates significant reliability improvement compared to RS
deposition. As thin as 5nm and 3nm EOT of MOCVD-deposited Al,03 and HfO, IPD
IS suitable to meet the requirement of 45nm and 32nm generation stacked-gate flash

memories, respectively.

Finally, in Chapter 9, the conclusions are made and the recommendation

describes the topics which can be further researched.
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Table 1.1 Materials properties of high-k dielectrics, Al,03, ZrO; and HfO,.

High-x Dielectrics

A|203 Zro, HfOZ
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 Reducti
or reduction 63.4 423 47.6
(MOy + Si —> M + SiOy)
Thermal expansion 67 201 53
coefficient (10 °K™)
Lattice Constant (A
attice Constant (A) 47-52 5.1 5.11
(5.43 A for Si)
Oxygen Diffusivit
3 y 5x1025 1x107%2
at 950°C (cm?/sec)
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Fig. 1.1 Scaling limits of various gate dielectrics as a function of the technology
specifications for low stand-by power technologies [Ref. 7].
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CHAPTER 2

Characteristics and Reliabilities of Sub-3nm

High Temperature NO-Annealed Nitrided Oxides

2.1 Introduction

In order for a MOSFET to behave as a transistor, the gate must exert greater
control over the channel than the drain daes, i.e., the gate to channel capacitance must

be larger than the drain to channel-capacitancesA simple model suggests

L@ Top X558 (2-1)

min

The scaling limit of T is therefore of paramount importance. Besides suppressing the
short channel effect, reducing Tox improves drive current and generally but not always

raises circuit speed.

The continuous shrinkage of device dimensions below a quarter-micron requires
highly reliable ultra-thin dielectric films. In this thickness range, not only breakdown
but also wearout of dielectric films is one of the key technological issues. As an
alternative gate dielectric, nitrided oxides have drawn considerable attention due to
their superior performance and reliability properties over conventional SiO, [12]-[14],
[51]-[56]. On possible approach to form nitrided oxides was post-oxidation annealing,
including ammonia (NHs), nitrous oxide (NO) and nitric oxide (NO) annealing. NH3

annealing will incorporate too large amount nitrogen into the gate oxide to reduce
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carrier mobility, but simultaneously incorporate large amount of hydrogen into which
will degrade hot carrier immunity [51]-[53]. N.O-annealing is another candidate for
nitrogen incorporation, but requires a much higher thermal budget for sufficient
nitrogen incorporation [12], [13], [54]. As a result, NO-annealing of an initial oxide is
preferred to prepare nitrided oxide with sufficient concentration in a reasonable
thermal cycle, considering the self-limiting nature of the growth proves in an NO

ambient [13], [14], [55], [56].

In this chapter, characteristics and reliabilities of NO-annealed nitrided oxides
are studied. Although NO-annealing will induce significant flat-band voltage shift and
increase of the interface state density due to the pile-up of nitrogen near the interface,
incorporation of nitrogen still can effectively suppress trap generation and improve

time-to-breakdown and charge-to=breakdown:.

2.2 Experiment Details

LOCOS isolated MOS capacitors were fabricated on p-type (100) silicon wafers.
After forming LOCOS isolation, wafers were cleaned and HF dipped before oxidation.
The gate dielectrics were grown at 750°C followed by either NO or N, annealing at
850°C for an hour. Then 1500A polysilicon was deposited with in-situ doped
phosphorus of 2.5x10%° cm™. Dopants were then activated at 950°C for 30sec. After
gate electrodes patterned and contact holes etched, aluminum metallization was done

followed by sintering at 450°C in N, ambient.

Square or circular capacitors of different areas, ranging from 2.5x10° to 1x107

cm?, with LOCOS isolation are used to evaluate the gate oxide integrity. The physical
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gate oxide thickness was determined by spectroscopic ellipsometer and compared
with high-resolution transmission electron microscopy (HRTEM). The equivalent
oxide thickness (EOT) was extracted by fitting the measured high-frequency
capacitance-voltage (C-V) data from Hewlett-Packard (HP) 4284 LCR meter under an
accumulation condition with quantum mechanical correction. The tunneling leakage
current density-electric field (J-E) and the reliability characteristics of MOS
capacitors were measured by semiconductor parameter analyzer HP4145A. Nitrogen
depth profiles and compositions were analyzed by secondary ion mass spectroscopy
(SIMS) and X-ray photoelectron spectroscopy (XPS). The micro-roughness of the
wafer surface and the interface between nitrided oxides/silicon were detected by

atomic force microscopy (AFM).

2.3 Results and Discussions

2.3.1 Accurate Models for Oxide Thickness Extraction

To meet the device requirement of the deep-submicron generation, the gate
oxide thickness must be scaled down below 30A. However, as oxide thickness scaled
below 30A, traditional C-V method is more and more difficult to extract the accurate
oxide thickness due to large direct tunneling current and quantum confinement effect.
There are several reports used to extract the physical oxide thickness [57]-[61]. Oxide

thickness extraction using different methods was summarized in Table 2.1.

2.3.1.1 Corrected Two-Frequency Method for High Leakage Dielectrics

Figure 2.1 shows C-V curves of 19A NO-annealed GOX under 10kHz, 50kHz
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and 100kHz measurement, a clear frequency dispersion was observed at the strong
accumulation region due to series resistance ignoring [57]. Since capacitance is

proportional to }/f » , higher measurement frequency will decrease oxide capacitance.

For example, 19A NO-annealed GOX shows a 5% decrease in gate capacitance with
50kHz and 15% decrease with 100kHz, both comparing to 10kHz. The accurate
model published by C.Hu [57] can eliminate this frequency-dependent capacitance

measured at two different frequencies using (2-2) :

f’C,(1+D,?)- f/C,(1+D,?)

f2— 1}

C-= (2-2)

where C, , D, refer to the capacitance and dissipation factor (%) measured at

the frequency f, and C, , D, refer to the capacitance and dissipation factor
measured at the frequency f,  respectively._Inset also shows the C-V curves after
modification, dispersion between ‘three frequencies was disappeared. Unless stated

otherwise, all C-V curves used in this report are the modified 50kHz-100kHz curve.

2.3.1.2 Quantum Confinement Effect Correction

As the channel length shrink, oxide thickness must be scaled to avoid severe
short channel effect. However, when oxide thickness becomes thinner and the electric
field becomes stronger, quantum confinement effect becomes more and more critical
in the oxide thickness extraction. Quantum effect occurs when the vertical electric
field is large enough to confine conduction carriers into the potential well at the
surface, generates discrete band diagram. Since the capacitor structure was used in our

experiments, only accumulation charge centroid is needed to be calculated. According
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to [58], charge centroid at strong accumulation region (Xa.) can be calculated using

eg. (2-3):

X,

xacc =
1+ ‘ VG _VFB ‘ 06
[002 (T + T, )]

(2-3)

phys

where T, is determined to be 6A from quantum simulation using heavily doped
silicon, Tpnys is the physical oxide thickness, X, =10.8 for electronsand X, =13.5
for holes. V., used in eq. (2-3) is roughly -1V since n* polysilicon gate electrode and
p-type substrate are used. After fitting C-V (calculated from 50kHz-100kHz C-V curve)

With Xace, Tphys (Named QMCV) can be calculated as shown in Table 2.1.

Figure 2.2 compares the EOT. and"QMCY. thickness extracted at V¢ = -2V of
NO- and N-annealed GOX. The difference can be calculated by the following

expression:

NO-annealed GOX :“ ATy=+=0.03 T, +7.5 (A) (2-4)

Nj-annealed GOX : AT, = -0.05 T, +8.1 (A) (2-5)

where Ttem refers to the physical oxide thickness from HRTEM. The difference is
about 7~8A due to the quantum confinement effect. Otherwise, as oxide thickness
decreases, the difference between EOT and QMCV will be more obvious since Xaec
will contribute more significant portion in total oxide thickness. In addition, the model
mentioned above is published for pure oxide, i.e., Njy-annealed GOX in our
experiment. It would be a little change in parameters fitting with nitrided oxide.
Furthermore, post-oxidation NO-annealing will incorporate additional nitrogen into

GOX and slightly increase the dielectric constant (i) from 4.0 to 4.2.
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2.3.1.3 Extract Tox using Accumulation Direct-Tunneling Currents

As oxide thickness shrinkage down to the direct-tunneling region, tunneling
current will strongly dependent on the oxide thickness [62]. For example, tunneling
current will be increased by 10 times as oxide thickness decreases from 22A to 20A.
Therefore, using direct-tunneling current to extract oxide thickness becomes feasible
solution. Since gate current in inversion mode is strongly dependent on the poly
depletion effect (polysilicon doping concentration) and threshold shifts (substrate
doping condition), using inversion gate current to determine oxide thickness becomes
more difficult [59]. On the other hand, using accumulation gate current to determine
oxide thickness is much easier since it will be independent on the poly depletion and
the substrate condition. As a result, a simple model can be used to evaluate Tox from

accumulation gate current at different gatebias,.(named DTIV):

_H10.1-log(Je)]

ForVe=-15V:. T 2-6
G oF 52 (2-6)
ForVg=-1V: T, = [9'6_!5059(%)] (2-7)

where Jg is the accumulation gate current density united A/cm? and Toy united nm.

Figure 2.3 compares the physical oxide thickness extracting from QMCV and
DTIV method with TEM thickness as the reference. As the oxide thickness thicker
than 30A, DTIV would become improper since the Fowler-Nordheim tunneling starts
to contribute the leakage current, and the current dependence on oxide thickness
becomes significantly weaker than direct-tunneling dominant region. Except for 30A
gate oxide, both the extracted QMCV and DTIV thicknesses reveal highly agreement

with the TEM physical thickness.
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2.3.2 Basic Characteristics of Sub-3nm NO-Annealed Nitrided Oxides

As shown in Table 2.1, NO-annealed GOX always had thinner EOT and QMCV
thickness than N,-annealed GOX. Since NO-annealing will incorporate nitrogen into
gate oxide and pile- up at SiO,/Si-sub interface [62]-[64], this will slightly increase

the dielectric constant and result in thinner oxide thickness.

Figure 2.4 compares the magnitudes of direct tunneling current of both 19A and
22A N,- and NO-annealed GOX. The samples with NO-annealing do not introduce
higher leakage current density than the control samples at higher electric field. In
addition, small current peak can be observed in gate oxides due to traps assisted
tunneling (TAT) at E < 1 MV/cm. After filling of the existed neutral traps with
electrons, tunneling current will drep and return to the direct tunneling behavior.
Figure 2.5(a) compares the normalized C-V ‘curves.of N,- and NO-annealed GOX.
Slightly stretch-out and negative flat:band voltage shift (AVeg) is observed for the

samples with NO-annealing, which ecan be observed more clearly in Fig. 2.5(b).

Figure 2.6(a) shows XPS nitrogen distribution profiles of nitrided oxides after
NO-annealing by XPS analyses. N is preferably piled up at the Si/dielectric interface
with Siz=N bonds [65], [66]. Due to lower electronegativity of N compared to O, N
incorporation causes an increase in positive fixed charges and thereby, lowers the Ves.
Moreover, nitridation also increases interface state densities due to Si;=N bonding
[62]. Figure 2.6(b) indicates the dependence between nitrogen peak concentration and
initial oxide thickness. As the oxide thickness decreases, nitrogen will be incorporated
more efficient because of less diffusion distance of NO gas [64]. Consequently, one
can use the initial oxide thickness to control the peak nitrogen concentration at the
same annealing condition. Moreover, as the oxide thickness less than 20A, 850°C

60min NO-annealing may incorporate too much nitrogen and reduce carrier mobility
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significantly. As a result, reduced thermal budget is necessary for such ultra-thin gate
oxide annealing from device performance point of view. Table 2.2 summarizes Vg
and Dy, extracted from C-V curves and in-line Quantox non-contact C-V, respectively.
The results clearly indicate both AVeg and ADj; increases as decreasing initial oxide
thickness, which is strongly affected by nitrogen concentration, under the same

post-oxidation NO-annealing.

2.3.3 Reliability Characteristics of Sub-3nm NO-Annealed Nitrided Oxides

As the oxide thickness scales to the direct tunneling region, stress-induced
leakage current (SILC) will become less and less significant because of insufficient
energy of tunneling electrons, which will results in lower trap generation rate. In our
experiment, all oxides had been:measured using both constant voltage stress (CVS)
and constant current stress (CCS). Figure 2.7 shows the J-V curves of 19A gate oxides
after -3.8V CVS for 100sec. The J-V-curves of 22A gate oxides after -4V CVS for
100sec is seen in Fig. 2.8(a). The most current increment after constant voltage stress
occurs near -1V, i.e. flat-band voltage [67]. Since stress will generate extra interface
state and bulk electron traps, leakage current will increase through tunneling via these
traps. As the gate voltage increases from OV to Vg, more and more amount of
interface states are available for the electron tunneling from the gate after stress, thus
more current increment is observed. As shown in the Fig. 2.7 and 2.8, both
NO-annealed GOX have higher stress immunity than N,-annealed GOX which can be
attributed to the formation of stronger Siz=N bonds near the SiO,/Si-substrate
interface [62]-[64], [68]. Figure 2.8(b) compares hole trapping rate during CVS. It
should be reminded that as the oxide thickness thinner than 50~60A, only hole

trapping can be observed during stress [63], [64], [68]. During voltage stress, the gate
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current monotonic increase over time clearly indicates that only the hole trapping is

occurred. NO-annealed GOX can effectively suppress hole trapping rates during CVS.

For going into details about reliability phenomenon, Fig. 2.9 demonstrates
maximum trap generation rates (Gyap) under both CVS and CCS with various
injection charges used to compare the oxide quality of 22A N-annealed and
NO-annealed GOX. The relationship between Gy and injection charges are parabolic,
SILC will increase more rapidly and then tends to saturate until breakdown occurs.
Regardless of constant voltage or current stress, NO-annealed GOX can effectively
eliminate hole trapping generation compared to Ny-annealed GOX due to stronger
Siz=N bonding, which is consistent with Fig. 2.8(b). Figure 2.10(a) compares the
TDDB characteristics of 19A and 22A gate dielectrics stressed at -4.3V constant
voltage stress. After Weibull .plotting;1"NO-annealed GOX exhibits better tgp
(time-to-breakdown) compared-to“Nz-annealed GOX. The 63% accumulative failure
rate for 19A N,- and NO-annealed GOX'are ‘149sec and 518sec, respectively.
NO-annealed GOX improves larger than 3:times of tgp than Ny-annealed GOX. While
increasing initial oxide thickness to 22A, the 63% accumulative failure rate for NO-
and N-annealed GOX are 1600sec and 683sec, respectively. tgp improvement
becomes smaller than thin oxide, but still larger than 2 times. Qgp Weibull distribution
of 22A gate dielectrics stressed at -20 mA/cm? constant current stress is shown in Fig.
2.10(b). The 63%-failure Qgp for NO- and Nx-annealed GOX are 42.4 C/cm? and 16.1
Clcm?, respectively. NO-annealing not only improves Qgp larger than 2 times but also
results in larger Weibull distribution slope (B) under CCS, consistent with CVS results.
The HRTEM images of N,- and NO-annealed GOX, as seen in Fig. 2.11, reveal
NO-annealing can help to smooth interface roughness and reduce interfacial layer (IL)

thickness [69], as well as forming stronger Siz=N bonding, we expect post-oxidation
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NO-annealing will effectively improve dielectrics reliability characteristics.

Figure 2.12 compares B as function of dielectric thickness and stress voltage. 3
decreases with decreasing oxide thickness and increasing stress voltage [70]-[72]. In
thin oxides, the conductive breakdown path consists of only a few traps and
consequently there is a large statistical spread on the average density to form such a
short path. In thick oxides, the breakdown path consists of a larger number of traps,
and the spread on the trap density need to generate such a large path is smaller. This
means that B as a function of oxide thickness is an intrinsic property of the
degradation and breakdown mechanism. On the other hand, increasing stress voltage
accelerates trap generation and has higher probability of forming conductive
breakdown path. Moreover, NO-annealing, also enhances 3 due to smoother interface
and stronger Si;=N interface bonding. Figure 2.13 predicts the 10-year lifetime using
63% accumulative failure rate. Thanks to N-incorporation, 19A and 22A NO-annealed
nitrided oxides can sustain 10-year.stressing time at Vg = -2.5V and -2.8V,
respectively, which can meet 0.15um requirement [73]. Voltage acceleration factor (y)

is also increased for NO-annealed nitrided oxides, as shown in the inset.

2.4 Summary

According to SIA roadmap, the oxide thickness smaller than 20A is necessary
for deep sub-quarter micron devices. However, pure SiO, can not meet the
requirement due to the large tunneling current. In our study, N atomic concentration is
shown to depend on the initial oxide thickness, i.e., with decreasing oxide thickness
from 63A to 22A, the N concentration increases from 2.12 to 4.45 at.% in the
interface, which was desired for the improvement of dielectric reliability in the
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ultrathin region. NO-annealing can achieve better SILC immunity for both constant
voltage and constant current stress. Moreover, NO-annealing also improves interface
smoothness and results in tighter TDDB distribution. Even after process optimization
in the future, NO-annealing can be used to improve device performance more
apparent, as predicting in mind. Although boron penetration is lack in our project,
many studies have been shown the improvement of NO-annealing on pMOSFET
performance. As a result, NO-annealed nitrided oxides can improve dielectric

reliability and are suitable to replace traditional SiO at 0.13um and beyond.
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Table 2.1 Comparison of thickness extraction from various methods of NO- and
N»-annealed GOX.

DTIV QMCV EOT
Rudolph TEM | Quantox

-1V -15V | @ -2V @ -2V

NO-30A 30.6A 25.7A | 25.4A | 339A | 33.7A | 33.7A | 42.0A

NO-22A 21.5A 26.1A | 25.3A | 249A | 25.8A | 28.2A | 32.0A

NO-19A 19.7A 246A | 233A | 226A | 238A | 24.7A | 27.5A

N,-30A 30.7A 28.1A | 29.6A | 36.0A | 35.7A | 379A | 44.3A

N,-22A 22.7A 26.8A | 25.5A | 26.3A | 27.3A | 29.8A | 33.6A

N,-19A 18.9A 25.3A | 242812527 | 26.3A | 27.4A | 324A

Table 2.2 Flat-band voltages and interface state.densities of NO- and N,-annealed
GOX.

Tox\ Ve NO-GOX (V) N,-GOX (V) AVes (MV)
30A -1.065 -1.052 -13
22A -1.085 -1.055 -30
19A -1.104 -1.06 -44
Dit 2 1
Tox\ NO-GOX (V) N,-GOX (V) AD;; (cm™ eV
30A 6.31x10" 5.47x10" 0.84x10"
22A 7.06x10M 4.88x10" 2.18x10™
19A 8.66x10M 4.59x10" 4.07x10"
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Fig. 2.1 The C-V curves of the 19A N©-annealed GOX. Inset shows corrected C-V
curves by two-frequency method.
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Fig. 2.3 Extracted oxide thickness variations between DTIV and QMCV of NO- and
N-annealed GOX. Both DTIV and QMCV :thickness show highly agreement with
TEM thickness.
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Fig. 2.7 SILC characteristics of 19A ,NQ=sand_N-annealed GOX at -3.8V CVS for
100sec. Maximum current increment after. CVS occurs near flat band region.
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Fig. 2.8 (a) SILC characteristics (b) transient hole-trapping behavior of 22A NO- and
N-annealed GOX at -4V CVS. NO-annealing can suppress both hole-trapping and
maximum trap generation rate occurred near flat-band region during constant voltage
stress.
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Fig. 2.9 Maximum trap generation rate of 22A N,- and NO-annealed GOX stressed at
(a) -4V constant voltage stress (b) -20 mA/cm? constant current stress. NO-annealing
can reduce hole-trap generation rate during both voltage and current stress.
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Fig. 2.10 (a) TDDB Weibull plots of 19A and 22A N,- and NO-annealed GOX at
-4.3V CVS. (b) Qep Weibull plots of 22A N,- and NO-annealed GOX at -20 mA/cm?
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oxides.
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Fig. 2.11 The HRTEM cross- sectlorlah images . of 22A (a) N,- and (b) NO-annealed
GOX. NO-annealing has smootherm‘terfac]elhap N;,;anneallng
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Fig. 2.12 Plots of weibull slope of 19A and 22A N,- and NO-annealed GOX.
NO-annealing clearly enhances Weibull slope.
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Fig. 2.13 10-year lifetime projection.of 29A: and 22A N,- and NO-annealed GOX.
Inset also indicates voltage acceleration factors.
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CHAPTER 3

Characteristics and Reliabilities of Sub-3nm

Nitrided Oxides with Nitrogen-Implanted Silicon Substrates

3.1 Introduction

Recently, many efforts including oxygen, argon and nitrogen implantation prior
to thermal oxidation, were used to form_multiple gate oxide thickness in one
thermal cycle to meet system=on-a-chip=(SOCY), requirement [73]-[78]. Oxygen
implantation can improve the oxide quality [73], but it seems unsuitable to apply in
the deep-submicron generation since:oxygen-implantation will enhance oxidation rate
and limit the minimum oxide thickness. There:are a few reports on argon implantation,
however, it is able to provide more thinner oxides than the oxygen implantation [74].
One of the concerns about argon implantation is that the implantation damage caused
by heavy mass argon ions may need longer thermal cycle to annealing gate oxides. On
the other hand, the nitrogen-implanted Si substrate (NIS) prior to gate dielectrics
growth seems the most proper technology to meet the requirement of deep submicron
devices [55], [75]-[78]. Since the nitrogen implantation can retard oxidation rate and
enhance the control ability of thinner oxide thickness, it is much more suitable to be
implemented in SOC technologies. Moreover, nitrogen will pile up at the
oxide/substrate interface and suppress boron penetration [78]-[80], which was not

observed in both oxygen and argon implantation techniques. In this chapter, the
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characteristics and reliabilities of NIS nitrided oxides are studied. NO-annealing will
pile-up nitrogen near the interface, while NIS will introduce uniformly distribution
nitrogen in the dielectric bulk. With optimized implantation dosage and post-oxidation
annealing temperature, NIS nitrided oxides could effectively suppress trap generation
and improve both time-to-breakdown (tsp) and charge-to-breakdown (Qgp), also

suitable to reduce process steps of the SOC technology.

3.2 Experiment Details

All experimental split conditions of nitrided oxides are detailed in Table 3.1.
LOCOS isolated MOS capacitors,were fabricated on p-type (100) silicon wafers.
After forming LOCOS isolation, nitrogen was implanted into the Si substrates at the
split dosage of 1x10™, 1x10™ and 1x10*em™ with-10keV. In addition, some wafers
without nitrogen implantation were used for comparison. Wafers were then cleaned
and HF dipped before oxidation. The gate dielectrics were grown at 750°C followed
by either NO or N, annealing at 850°C for an hour. Then 1500A polysilicon was

deposited with in-situ doped phosphorus of 2.5x10%° cm™.

Dopants were then
activated at 950°C for 30sec. After gate electrodes patterned and contact holes etched,

aluminum metallization was done followed by sintering at 450°C in N, ambient.

Square or circular capacitors of different areas, ranging from 2.5x10° to 1x107
cm?, with LOCOS isolation are used to evaluate the gate oxide integrity. The physical
gate oxide thickness was determined by spectroscopic ellipsometer and compared
with high-resolution transmission electron microscopy (HRTEM). The equivalent

oxide thickness (EOT) was extracted by fitting the measured high-frequency
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capacitance-voltage (C-V) data from Hewlett-Packard (HP) 4284 LCR meter under an
accumulation condition with quantum mechanical correction. The tunneling leakage
current density-electric field (J-E) and the reliability characteristics of MOS
capacitors were measured by semiconductor parameter analyzer HP4145A. Nitrogen
depth profiles and compositions were analyzed by secondary ion mass spectroscopy
(SIMS) and X-ray photoelectron spectroscopy (XPS). The micro-roughness of the
wafer surface and the interface between nitrided oxides/silicon were detected by

atomic force microscopy (AFM).

3.3 Results and Discussions

Recently, the technique of nitrogen-implanted into Si substrate has been paid
more and more attention on nitrided oxide growth and SOC application [56], [75]-[78].
NIS has the advantage in growing multiple gate oxide thickness at one thermal cycle
and is suitably applied to SOC technology. However, the most concerning issue for
NIS is the surface damage during nitrogen implantation. Thus, post-implantation
thermal cycle must be very careful in order to fully anneal out the damage to

guarantee the oxide quality.

3.3.1 Basic Characteristics of Sub-3nm NIS Nitrided Oxides

The C-V curves of 22A N,- and NO-annealed NIS nitrided oxides are shown in
Fig. 3.1(a) and (b), respectively. For low implantation dose, 1x10* and 1x10* cm,
no obvious difference in C-V curves has been seen. However, significant Vg recovery

and Dj; degradation observes with heavy implanted nitrided oxide, i.e. 1x10* cm,
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with respect to sample without NIS. Since N is a donor-type impurity, the substrate
acceptor concentration will decrease by the implanted N atoms before oxidation, and
results in smaller Veg [75]. Table 3.2 lists the flat-band voltages and interface state

densities of NO- and N2-annealing NIS nitrided oxides.

Figure 3.2(a) compares oxide thickness as a function of nitrogen implantation
dose into the Si substrate. The oxidation rate drops continuously with increasing
nitrogen dose [74]-[80], [81], [82]. In our study, slightly enhanced oxidation rate with
NIS smaller than 1x10% cm™ is ascribed to insufficient annealing out the damage by
ion bombardment. Significant oxidation rate suppression only has been observed with
NIS larger than 1x10™ cm™. Accordingly, the oxidation rate is trade-off by the
residual damage annealing and oxidant diffusion rate constraint, resulting in the
increased oxidation rate firstly and.thenidecreased. With a heavy implant dose of
1x10" cm?, the growth rate can be reduced by 15%, which is smaller than that
reported in Ref. 76, probably dueto lower-oxidation-temperature (750°C) in our study.
The difference between TEM and QMCV: thickness is larger for sample with 1x10%
cm™ NIS than 1x10™ and 1x10™ cm™ NIS, which can be ascribed to the heavier N

concentration induced larger dielectric constant for sample with 1x10™ cm™ NIS.

Dielectric constant (k) as a function of nitrogen implantation dosage into the Si
substrate is shown in Fig. 3.2(b). The k-value of samples without NIS is extracted by
extra-plotting of QMCV and TEM thickness (shown in Fig. 2.2), while the k-value of
samples with NIS is extracted directly from the QMCV and TEM thickness. k-value
increase has only been observed in the sample with the heavy implant. Post-oxidation
NO-annealing can further increases x values. Thickness and « variation for NIS
nitrided oxides is summarized in Table 3.3. As the nitrogen dose increases, dielectric

constant will slightly increase from 3.9 of pure SiO, to 4.6 of sample with
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NO-annealing and 1x10*® cm™ NIS. NO-annealed GOX still has higher dielectric

constant than N,-annealed GOX due to higher nitrogen concentration.

Figure 3.3 compares the leakage current density for 22A N-annealed and
NO-annealed NIS nitrided oxides at negative gate bias polarity. When NIS is less than
1x10™ cm™, the leakage current increases slightly due to the residual implantation
damages. Nevertheless, as NIS dosage increases to 1x10™ cm™, the leakage current
will increase more obvious since the oxidation rate will be suppressed by the heavy
nitrogen-passivated surface and result in thinner oxide thickness. In short, post
oxidation NO-annealing will introduce N into the gate oxides/substrate interface,
increase Vg shift and Dj. On the contrary, while nitrogen is donor impurity to Si,
partial implanted-nitrogen may retain on Si.substrate without forming Siz=N bonding
and counter-doping substrate coneentration. Consequently, NIS before oxidation will

reduce substrate doping, and slightly recover Vgg shift.

3.3.2 Reliability Characteristics of Sub-3nm NIS Nitrided Oxides

Figure 3.4(a) displays the XPS depth profiles of NO-annealed nitrided oxide
with 4x10™ cm? NIS dosage. Not alike to Fig. 2.6(a), pre-oxidation NIS will
incorporate N into dielectric bulk rather than pile-up at interface. Figure 3.4(b)
compares nitrogen distribution profiles with and without NIS. Without NIS, dielectric
bulk is devoid of nitrogen. After post-oxidation NO annealing NIS nitrided oxides,
more N will diffuse to interface, form Sis=N bonding. Moreover, sample with 1x10"
cm™ NIS not only exhibits higher peak concentration at interface, but also has tighter
N distribution than samples with lighter NIS, which is beneficial to obtain an
uniformly distributed reliabilities. Figure 3.5 indicates the leakage current density of

22A N,- and NO-annealed NIS nitrided oxides with and without nitrogen implantation
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under constant voltage stress (CVS) at -4V for 100sec. The major difference between
fresh and stressed curves occurs near flat-band conditions, as described in Chapter 2.
Comparing to gate oxides without NIS, apparent SILC increment for low and medium
dose NIS is exhibited. However, there is almost no leakage current increase for heavy
NIS during voltage stress. The reasons for dosage-dependent SILC immunity will be

explained below.

Figure 3.6(a) compares transient trapping behavior of 22A NO-annealed NIS
nitrided oxides during CCS. It should be noted all samples show an obvious hole
trapping characteristics. For NIS smaller than 1x10™ cm™, pre-oxidation nitrogen
implantation will enhance the hole trapping. As NIS increases to 1x10" cm™, the hole
trapping becomes negligible. The trap generation rate as a function of injected charges
is seen in Fig. 3.6(b). Similar trend istexamined. Eliminated trap generation rate
appears only at heavy N implanitation case, i.e. 1x10" cm™. Figure 3.7(a) presents the
time-dependent dielectric breakdown “(FBDB) - Weibull distribution of 22A
NO-annealed NIS nitrided oxides during'CVS at -4.3V. Nitrided oxides with NIS less
than 1x10* cm™ reveal poorer tsp than the samples without NIS due to the larger hole
generation rate. As consistent to Fig. 3.6, heavy NIS is expected to exhibit the highest
tsp. The Weibull slope is also dependent on the NIS dosage, which is plotted in Fig.
3.7(b). B shows a valley at the NIS dosage of 1x10* cm™ from residual implantation
damage and a peak at 1x10™ cm™ due to the tighten nitrogen distribution profiles in
the dielectric bulk. As shown in Fig. 3.4(b), 1x10™ cm™ NIS will retard oxidation rate
and generate uniform N distribution, higher B is expected for heavy NIS. Although
thinner oxide thickness of sample with 1x10* cm NIS would partially contribute to
less SILC characteristics, only 3~4A thickness reduction may not enhance SILC

immunity significantly than samples with 1x10* and 1x10™ cm™ NIS. As a result, the
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drastic SILC immunity improvement is accredited to uniform nitrogen distribution in

the dielectric bulk.

In our study, NIS dosage smaller than 1x10* cm? will slightly increase the
oxidation rate due to insufficient post-oxidation annealing out the damage from ion
bombardment, which is shown in Fig. 3.1. The residual damage may increase weak
bonding during oxidation and result in less SILC immunity, enhanced trap generation
rate and poor tgp. Inferior surface roughness will also response for degraded dielectric
reliability, as seen in Fig. 3.8 and 3.9 for N,- and NO-annealed NIS nitrided oxides,
respectively. On the other hand, samples with 1x10" cm™ NIS not only can use to
grow multiple oxide thickness but also improve reliability significantly. The results
are quite opposite to samples with lighter. implantation dose, which can attribute to

several reasons.

First, surface is abounded with N-atoms for heavy NIS implantation dosage,
which may easily replace the weak Si-O bonds.damaged by ion bombardment in the
transition region by the strong Si;=N bonds during oxidation. Secondly, implantation
would change interface morphology [70]. From HRTEM photos exhibited in Fig. 3.8
and 3.9, surface roughness is increased while NIS increases from 0 to 1x10™ cm?,
which may be due to faster oxidation rate and less N area density. On the other hand,
surface RMS roughness is decreased to 0.87nm with further increasing NIS to 1x10%
cm® It can be seen that the nitrided oxide/silicon interface is very smooth and
exhibits a highly uniform transition region from the crystalline silicon to the
amorphorous nitrided oxide. This is beneficial for the electrical properties of the MOS
device as described above. Surface roughness is also evidenced by AFM images and
summarized in Fig. 3.10. A smoother interface is helpful in reducing the localized

field and, hence, results in stronger SILC immunity and larger tgp. Thirdly, it is
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known that SILC becomes negligible as the oxide thickness down to the
direct-tunneling dominate regime. The heaviest NIS can retard oxidation rate
significantly and grow the thinnest oxide, as seen in Fig. 3.2. In consequence, nitrided
oxides with NIS dosage of 1x10™ cm™ possesses stronger SILC immunity and better

TDDB characteristics than others, regardless of post-oxidation N,- or NO-annealing.

3.4 Summary

The dielectric properties and reliability characteristics of NIS nitrided oxides are
investigated in this chapter. An obvious oxidation rate retardation effect is observed
for the nitrided oxides with nitrogen-implanted.Si substrate. Dielectric property is
strongly depended on NIS dosage land ‘post-oxidation annealing temperature. NIS
dosage less than 1x10™ cm™ is-helpless‘to oxidation rate suppression accompanying
with degraded dielectric reliability.‘©n the contrary, the samples with 1x10™ cm™ NIS
not only can use to grow multiple oxide thickness to meet SOC requirement, but also
improve stress immunity apparently. Nitrogen implantation also generates a uniform
distribution nitrogen profile in the dielectric bulk, which can be used as an effective
diffusion barrier to resist boron penetration. NIS nitrided oxides could effectively
suppress trap generation and improve time-to-breakdown and charge-to-breakdown,

also suitable to reduce process steps of the SOC technology.
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Table 3.1 Experimental conditions of nitrided gate oxides formed by pre-oxidation
NIS and post-oxidation NO-annealing.

NIS dosage (cm™)
Anneal Gas Tox (A)
0 1x108 | 1x10" [ 1x10%
30 v v v v
NO anneal 22 \ v v v
19 v N/A N/A N/A
30 v v v v
N, anneal 22 \ v v v
19 \ N/A N/A N/A

Table 3.2 Flat-band voltages and interface state densities of NO- and Nj-annealed NIS
nitrided oxides.

N |s\ Ve NO-GOX (V) N,-GOX (V) AVrg (MV)
0 -1.085 -1.055 -30
1x 10" cm™ -0.992 -0.958 -34
1x10* cm™? -0.925 -0.896 -29
1 x 10" cm™ -0.825 -0.816 -9
Dit 2 .\l
le\ NO-GOX (V) No-GOX (V) ADj; (cm?eVv?)
0 7.06x101 4.88x101 2.18x101
1x 10" cm? 8.82x101 4.93x101 3.89x101
1 x 10" cm™ 9.11x101 5.11x101 4.00x101
1 x 10" cm™ 2.45x1012 1.90x1012 5.50x1011

-41 -



Yeong-Yuh Chen’s Ph. D. Dissertation

Table 3.3 Thickness and dielectric constant variation for NO- and N,-annealed NIS
nitrided oxides.

NIS Dosage QMCV TEM K
0 26.3A 27.3A 4.01
1 x 10" cm™ 27.3A 27.6A 3.94
N, anneal
1 x 10* cm™ 26.6A 27.2A 3.99
1 x 10" cm™ 20.2A 23.3A 4.50
0 24.9A 25.8A 4.20
1 x 10 cm™ 25.7A 27.2A 4.13
NO anneal
1 x 10* cm™ 25.2A 26.8A 4.15
1 % 10'° cm?? 19.7A 23.2A 4.60
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Fig. 3.1 Plots of high frequency C-V curves of 22A (a) Ny-annealed (b) NO-annealed
NIS nitrided oxides. Significant oxidation rate retardation is inspected as NIS dosage
larger than 1x10* cm™. As NIS dosage larger than 1x10*° cm™, clear Vg shift and Dy,

increment is

observed.
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Fig. 3.2 (a) Oxide thickness (b) dielectric constant as a function of nitrogen dosage
implanted into the silicon substrate before oxidation. Dielectric constant increases
from 3.9 to 4.6 for NO-annealed NIS nitrided oxides with heavy implantation dosage.
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Fig. 3.3 Direct tunneling leakage current density as a function of gate voltages of 22A
(@) Nz-annealed (b) NO-annealed NIS nitrided oxides. Direct tunneling leakage
current density is strongly dependent on the dosage of nitrogen implanted into Si
substrate..
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Fig. 3.4 (a) XPS depth profiles of 22A NO-annealed nitrided oxides with 4x10" cm™
NIS. Evidence of SizNy-like interface is observed. (b) SIMS nitrogen depth profiles of
30A NO-annealed NIS nitrided oxides. NIS incorporates uniform nitrogen distribution
in the bulk.
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Fig. 3.5 SILC characteristics of 22A (a) N,-annealed (b) NO-annealed NIS nitrided

oxides at -4V CVS for 100sec. Maximum current increase after CVS occurs near flat
band region. Increased SILC is negligible for 1x10™ cm™ NIS nitrided oxides.
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Fig. 3.6 (a) Transient hole-trapping behaviors (b) maximum trap generation rates of
22A NO-annealed NIS nitrided oxides at -20 mA/cm? constant current stress. NIS

nitrided oxides with 1x10* cm™ dosage has negligible trap generation rate for both
CVSand CCS.
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Fig. 3.7 (a) tsp Weibull distribution (b) Weibull slopes of 22A NO-annealed NIS
nitrided oxides under -4.3V constant voltage stress. The reliability of NIS nitrided
oxides is substantially relied on NIS dosage, tsp and Weibull slope are increased only
for NIS nitrided oxides with 1x10* cm™ dosage.
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Fig. 3.8 The HRTEM cross-sectional images of 22A N,-annealed NIS nitrided oxides.
(a) without NIS (b) 10" cm™ (c) 10* cm™ (d) 10" cm™. Sample with 10* cm™ NIS
not only smoothes interface but also reduces physical thickness.
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Fig. 3.9 The HRTEM cross-sectional images of 22A NO-annealed NIS nitrided oxides.
(a) without NIS (b) 10" cm™ (c) 10* cm™ (d) 10" cm™. Sample with 10*° cm™ NIS
not only smoothes interface but also reduces physical thickness.
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Fig. 3.10 Substrate surface roughnessiof INO-annealed NIS nitrided oxides after
dielectrics removal by diluted HE solution.. Evidence of smooth interface is revealed
for samples with 10" cm™ NIS and post-oxidation NO annealing.
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CHAPTER 4

Simulated Characteristics of Stacked-Gate

Flash Memories with Inter-Poly High-x Dielectrics

4.1 Introduction

In pursuing the high speed and low power operation of flash memory
technologies, the employment of high-permittivity (k) inter-poly dielectrics (IPDs)
into flash memories has attracted*much attention recently [21]-[23]. 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.To successfully employ high-k IPDs in
flash memory, one must take charge retention issues into consideration and make sure
that the barrier height (¢g) between Si and the new adopted high-« dielectrics should
be larger than 1.5eV 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.

Recently, aluminum oxide (Al,O3) [17], [44]-[46] and hafnium oxide (HfO,)
[20], [47]-[50] had been proved as promising candidates for the gate dielectrics of
sub-0.1 um device due to their higher dielectric constant (k), relatively high ¢g and
superior thermal stability. Nonetheless, the effects of these kinds of high-k dielectrics

on flash memories are seldom investigated. In this chapter, the effects of Al,O3; and
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HfO; serving as the IPD of flash memories were studied with different programming
and erasing schemes through 2-D MEDICI simulator. We found that dielectric with
medium « value is the most promising IPD candidate because the gate coupling ratio
would be rapidly saturated as « is greater than 25. It is also demonstrated that the
improvement of high-x IPDs is more effective with Fowler-Nordheim (FN) injected
programming and erasing than hot electron (HE) injection. As a result, high-k IPDs

are suitable for next generation NAND-type stacked-gate flash memories.

4.2 Simulation Details

To examine the impact of high-x IPDs, simulations are carried out using the
conventional stacked-gate flash:cell with"SiO, tunnel oxide (TOX). Two-dimensional
MEDICI [83] simulator is employed' for“the performance simulations of a 0.45um
stacked-gate n-channel flash memary. with several kinds of high dielectric constant
IPD. They are Al,O3 and HfO,. The barrier heights of Al,O3 and HfO, are extracted
from [84], which are 2.8eV and 1.5eV, respectively. The permittivity is 9 for Al,O3
and 25 for HfO,, which are referred from [85]. The TOX thickness is 100A.
Equivalent oxide thickness (EOT) of oxide-nitride-oxide (ONO) and the physical
thickness of other two high-k IPDs are defined as 140A. Dielectric parameters of
various IPDs are listed in Table 4.1. For comparison, programming of the devices is
achieved either by channel-hot-electron injection (CHE) or channel-Fowler-Nordheim
injection (CFN). All of the devices are erased by the source-side Fowler-Nordheim
(SFN) ejection from the floating gate (FG), by assuming 1x10™* C/um charges
pre-existed in FG. In order to enhance the efficiency of SFN ejection, deeper source

junction than drain junction is formed. Cross-sectional view of simulated device
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structure is shown in Fig. 4.1. The programming and erasing time is defined as the
shift of device threshold voltage (Vtn) reaches 3 volts during measurement. After
extracting from MEDICI simulator, Al,O3; and HfO, IPD can increase the gate
coupling ration by 45% and 92%, respectively, which can be used to scale down the

operation voltage effectively.

4.3 Results and Discussions

According to International Technology Roadmap for Semiconductor (ITRS)
criteria, the required IPD thickness for NOR- and NAND-type flash memories is
10-13 nm for next year [28]. However, thickness scaling of ONO IPD using current
thermal and/or CVD oxynitride technologies-is not-sufficient to meet the stringent
data retention requirement due tothe-unavoidable leakage current [30], [32].
Therefore, there is a strong demand to-incorporate alternative high-x dielectrics on

nonvolatile memories for enhancing performance while suppressing charge loss.

4.3.1 Basic Characteristics of Flash Memories with High-&x IPDs and SiO, TOX

Figure 4.2(a) compares the erased state IPD electric field, defined as IPD
voltage/140A physical thickness, of stacked-gate flash memories as a function of
control gate voltage (Vgs). The IPD electric field tends to decrease rapidly as k
increases. Since the large IPD electric field across on the erased-state cells will result
in more severe charge loss from floating gate to control gate, the flash memories with
ONO IPD are expected to possess small programming window than high-k IPDs. The

flash memories with ONO IPD also reduce the electric field on the TOX, as shown in
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Fig. 4.2(b). For device performance consideration, flash memories should be
fabricated with small IPD electric field and large TOX electric field to obtain superior
charge retention and high program/erase (P/E) speed simultaneously. Conventional
ONO IPD is charge leaky and hard to P/E, which can not meet the stringent charge
retention and flash P/E requirement. Fortunately, flash memories with high-x IPDs
can couple large amount of control gate bias to the floating gate, exhibit small IPD
electric field as well as large TOX electric field, which are prone to retain charges and

to scale down applied voltages.

The linear region and saturation region transfer characteristics (Ips-Ves) of the
stacked-gate flash memories with high-k IPDs and SiO, TOX are displayed in Fig. 4.3.
The flash memories with ONO IPD exhibits larger subthreshold swing (SS) and
significant off-state current, especially forrhigher drain biases, which are caused by
inevitable drain turn-on. It is known drain turn-on is proportional to the drain coupling
ratio (ap) and inversely proportional to.the gate coupling ratio (o), which are defined

as below [86].

Cor = Cipp + Cp + C5 + Cypy (4-1)
Drain coupling ratio (GCR) « = Lo (4-2)
Total
Gate coupling ratio (DCR) « = Creo (4-3)

Total

Smaller Cjpp in ONO IPD results in smaller ag and larger ap, which makes floating
gate transistor can go into depletion-mode operation and can conduct current even
when Vgs < V4. Moreover, drain current of stacked-gate flash memories is also

controlled by og and capacitive coupling ratio f, not as simple as conventional
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MOSFET. The relation between Ips and Vgs is given by:

Lin W l

Linear region 158 = u CTDT (Ves —Voy ) Vps —( f - YVE | (4-9)
G
; : sat _ @g w 2
Saturation region 155 = - H CTDT (Vgs + Vo — Vi) (4-5)
where f = %o - Co . As a result, the channel can be turned on by the drain
(27 IPD

voltage through large f, and drive-in current be strongly dependent on the drain
voltage, namely drain turn-on phenomenon. With increasing the permittivity of high-«
IPD, both SS and drive current are improved due to higher ag and higher gate
controllability. However, large ac will increase electric filed on the tunnel dielectrics

and enhance gate-induced drain leakage (GIDL):

Figure 4.4 indicates the output.characteristics of the stacked-gate flash memories
with high-x IPDs and SiO, TOX. Thanks-to-higher gate coupling, flash memories with
high-x IPDs not only exhibit higher drive-in ecurrent than conventional ONO IPD, but
also suppress the drain turn-on. Figure 4.5 exhibits the substrate current of flash
memories with high-x IPDs and SiO, TOX. Equivalent maximum substrate current is
obtained regardless of the k-value of the IPDs. The maximum channel electric field is
determined by the voltage difference between Vgs and Vpss, Which is defined as the

drain voltage when pinch-off occurs, and expressed by:

Channel electric field E,, o Vo — Vo (4-6)

Vs = @ (Vgs + Vs — Vpy ) (4-7)

For high-x IPDs, the channel electric field is suppressed by high gate coupling ratio

and generates less impact ionization near drain junction. Since the substrate current is
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proportional to the Ips and impact ionization rate, high drain current of high-x IPDs
will be compensated by less impact ionization. Consequently, equivalent substrate

current is expected regardless of the k-value of the IPDs.

4.3.2 Program/Erase Characteristics of Flash Memories with High-x IPDs and

SiO, TOX

The CHE current injected to FG of stacked-gate flash memories with high-x
IPDs and SiO, TOX is compared in Fig. 4.6(a). Although high-k IPDs exhibit higher
CHE current injection to the FG, the contribution of high-x IPDs seems unobvious.
Figure 4.6(b) calculated CHE injection efficiency, defined as CHE current injected to
FG/Ips, similarly unapparent improvement is observed. Merely 2 times improvement
of CHE injection efficiency is obtained by changing-ONO IPD to high-k IPDs. Since
V1 shift after programming is' controlled-by. injected charges/Cipp, only slightly
improvement of programming speed-.is_expected with CHE injection. The CHE
programming times as a function of Vgs for various IPDs are shown in Fig. 4.7. For
the 10 ps programming time, the control gate voltage can be reduced by 16% and
11% with replacing ONO IPD by Al,O3 and HfO, IPD, respectively. Noteworthy, the

improvement of high-k IPDs disappears at larger control gate voltage.

Figure 4.8 compares the FN tunneling current injected to FG under CFN
programming schemes of stacked-gate flash memories with high-x IPDs and SiO;
TOX. Injected FN current reveals a stronger dependence on the permittivity of the
IPDs than HE current. Larger than 80 times FN current increased is observed while
replacing ONO IPD to high-x IPDs. Figure 4.9 shows the relationships between CFN

programming time and Vgs for flash memories with different IPDs. Obviously, the
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programming speed of CFN can be significantly improved using high-k IPDs. Al,O3
can enhance programming speed by one order of magnitude and HfO, can improve
even further by two orders of magnitude. For the 10 us programming time, 28% and
51% of Vgs reduction can be achieved by changing ONO IPD with Al,O3 and HfO,
IPD, respectively. Compared to the results in Fig. 4.7, the benefit of employing high-k
IPDs is obviously more effective in CFN programming than CHE programming. This
is ascribed to that FN tunneling current is exponentially dependent on the electric field,
the larger electric field on TOX coupled through high-k dielectrics, thus, is more
efficient in electron injection [21]. On the other hand, CHE injection is controlled by
both the electric field on TOX and impact ionization rate. Higher injection efficiency
resulting from the higher vertical electric field on TOX will be compensated by the
decreasing impact ionization rate,.as seen in Fig.*4.5. Therefore, the improvement of
CHE programming in operation speed with high-ic IPDs is not as remarkable as that

of CFN programming.

Figure 4.10(a) compares the ‘programmed state IPD electric field of the
stacked-gate flash memories as a function of Vgs with floating drain and substrate.
The programmed state has small negative electric field (electrons tunneling to control
gate) at zero Vg due to pre-existed negative charges in the FG, and then change to
positive electric field (electrons tunneling from control gate) at high negative control
gate bias. High positive IPD electric field will result in unwanted carrier injection
from control gate to floating gate, flash memory with ONO IPD is expected to possess
poor erase window than high-k IPDs, especially for high voltage erasing. Flash
memories with ONO IPD also reduce electric field on TOX and degrade erasing
speeds, as shown in Fig. 4.10(b). The corresponding band diagrams of programmed

state flash memories with high-x IPDs and ONO IPD during erasing are shown in Fig.

-59 -



Yeong-Yuh Chen’s Ph. D. Dissertation

4.11(a) and (b), respectively. For flash memories with high-k IPDs, small negative
electric field on IPD and large positive electric field on SiO, TOX induced by high
gate coupling ratio will enhance electron ejection from FG to control gate and source
region simultaneously, which is expected to exhibit fast erasing speed and large
erasing window. However, large positive electric field across on ONO IPD will
degrade both erasing speed and erasing window due to unwanted electron injection

from control gate to FG.

Figure 4.12 compares the FN tunneling current ejected from FG under SFN
erasing schemes of stacked-gate flash memories with high-x IPDs and SiO, TOX.
Ejected FN current reveals a strong dependence on the permittivity of the IPDs.
Similar to CFN programming, larger than 80 times FN current increase is observed
while replacing ONO IPD to high=k IPDsduring erase. SFN erasing time verse V¢ for
memories with high-x IPDs and SiO; TOXis shown in Fig. 4.13. Employing high-k
dielectrics as the IPD can also tremendously-improve erasing speed. Al,O3; and HfO,
IPD can reduce erasing time by one and two order of magnitude, respectively. For the
0.1 ms erasing time, Al,O3; can reduce the erasing voltage by 31% while HfO, can
further diminish erasing voltage by more than 48%. In summary, operation voltage
reductions are listed in Table 4.2. Even though the improvement is more obvious in
FN injection than HE injection, our simulation results clearly indicate stacked-gate
flash memories with high-x IPDs and SiO, TOX can be used to replace both NAND-
and NOR-type flash cells, in terms of control gate voltage reduction and operation

speed promotion.

The improvement of P/E speed is found to be more significant between ONO
IPD and Al,O3 IPD than between Al,O3 IPD and HfO; IPD. In order to investigate the

effect of dielectrics with higher «k value, an artificial dielectric with x equal to 50 and
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op larger than 1.5eV is employed for comparison. The results in Fig. 4.2 - 4.13 show
that only slightly improvement in P/E speed is observed when « is changed from 25 to
50. Woltage reduction ratio will be rapidly saturated as k becomes larger than 25.
Hence, it can be claimed that very high-k dielectrics may not be an effective IPD
candidates for stacked-gate flash memories even though they have a ¢g larger than

1.5eV.

4.4 Summary

In order to realize high speed .and. low power operation of flash memory
technologies, devices with high coupling-‘ratig.. are necessary. From MEDICI
simulation, Al,O3 IPD and HfO, IPD can-increase gate-coupling ratio by 45% and
92%, respectively. By 2-D MEDICI simulation, flash memories with high-k IPDs
clearly exhibit significant improvement in programming/erasing speed over those with
conventional ONO IPD. Moreover, it is found that high-x IPDs are more effective for
the memories programmed/erased with FN tunneling rather than channel hot carrier
injection. Choosing HfO, as the IPD and using FN programming/erasing scheme, the
operating voltage can be reduced 48% at a typical program time of 10 us and 0.1 ms
erasing time. Therefore, Al,O3 and HfO, with medium high « value and sufficient
barrier height show the great potential for the application of high seed and low voltage
flash memories. Our results also show that dielectrics with very high permittivity (k >
25) may not be necessary for the IPD in stacked-gate flash memories. As a result,
high-kx IPDs are suitable for next generation NAND-type stacked-gate flash

memories.
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Table 4.1 Dielectric constants and conduction band offsets with respect to Si of the
IPD materials with fixed SiO, TOX for simulated stacked-gate flash memories. * :
physical thickness ~180A, EOT ~ 140A. ** : artificial high-x material with sufficient
k-value and AEc.

IPD Thickness K AEc (¢B)
ONO 140R™ ~5
Al,O3 140A 9 2.8
HfO, 140A 25 1.5
«=50"" 140A 50 1.5

Table 4.2 Operation voltage reduction of stacked gate flash memories with high-k
IPDs and SiO, TOX.

k=50 HfO, Al,O4 ONO
GCR 0:895 0.814 0.615 0.424
DCR 0.016 0.029 0.067 0.112
SCR 0.041 0.076 0.171 0.266
GCR Improvement 110.91% | 91.87% 44.98%
DCR Improvement 85.68% 73.77% 39.75%
SCR Improvement 84.56% 71.56% 35.56%
10us CHE Vs 11.01 10.05 9.5 11.35
Program
Improvement 3.00% 11.45% 16.30%
10pus CFN Vs 6.89 7.65 11.41 15.88
Program
Improvement | 56.61% 51.83% 28.15%
0.1ms SEN Vs -5.74 -6.23 -8.2 -12.04
Erase
Improvement | 52.33% 48.20% 31.83%
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Fig. 4.1 (a) Simulated 0.45um n-channel device structure (b) equivalent electrical
model of stacked-gate flash memories with several high-k IPDs and TDs. Asymmetry
source/drain junction for enhanced source-side erasing efficiency. Programming by
either CHE or CFN injection; erasing by SFN erasing.
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Fig. 4.2 (a) IPD (b) TOX electric field as a function of control gate voltages of erased
state stacked-gate flash memories with high-kx IPDs and SiO, TOX under Vp = Vg =
Vs = -9.0V. High-x IPDs can reduce IPD electric field as well as enhance TOX
electric field.
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Fig. 4.3 (a) Linear region (b) saturation region transfer characteristics of stacked-gate

flash memories with high-k IPDs and SiO, TOX. High-«x IPDs can increase drive-in
current as well as enhance gate control ability, especially at high drain voltage.
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Fig. 4.4 Output characteristics of stacked-gate.flash memories with high-ik IPDs and
SIOZ TOX at (VGS - VTH) =10V.
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Fig. 4.5 Substrate current of stacked-gate flash memories with high-x IPDs and SiO;
TOX. Maximum substrate current is independent of the «k-values.
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Fig. 4.6 (a) CHE current injected to FG (Irs) (b) CHE injection efficiency (defined as
Irc/lps) as a function of control gate voltages of stacked-gate flash memories with
high-k IPDs and SiO, TOX. High-x IPDs slightly enhance injection efficiency than
ONO IPD, but not significantly.
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Fig. 4.7 CHE programming time as a function of control gate voltages of stacked-gate
flash memories with high-k IPDs.and SiQ; TOX.
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Fig. 4.8 CFN current injected to FG as a function of control gate voltages of
stacked-gate flash memories with high-x IPDs and SiO, TOX.
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Fig. 4.9 CFN programming time as a function: of control gate voltages of stacked-gate
flash memories with high-k IPDs:and SiOQ,, TOX:. Significant improvement in CFN
programming speed for high-x IPDs is indicated.
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Fig. 4.10 (a) Absolute IPD (b) TOX electric field as a function of control gate voltages
of programmed state stacked-gate flash memories with high-x IPDs and SiO, TOX
under Vs = 5.0V. Drain and substrate terminals are floating. High-k IPDs can reduce
IPD electric field as well as enhance TOX electric field.
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Fig. 4.11 Band diagrams of programmed state flash memories at the outset of erase for
(@) high-x IPDs and (b) ONO IPD.
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Fig. 4.12 SFN current ejected from G of stacked-gate flash memories with high-x
IPDs and SiO, TOX under Vs = 5.0V, floated draimand substrate terminal.
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Fig. 4.13 SFN erasing time of stacked-gate flash memories with high-x IPDs and SiO,
TOX. High-k IPDs crucially improve SFN erasing speed.
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CHAPTER 5

Simulated Characteristics of Stacked-Gate Flash

Memories with HfO, IPD and High-k Tunnel Dielectrics

5.1 Introduction

In recognizing the high speed and low power operation of flash memory
technologies, the employment of high-permittivity (k) tunnel dielectrics (TDs) in flash
memories has attracted much attention sin-order to reduce stress-induced reliability
degradation in conventional SiO; tunnel oxide (TOX) [28], [33]. The tunnel dielectric
of flash memories has two roles. One is-playing.‘as a barrier to suppress charge
leakage under ~3 MV/cm equivalent oxide field of read and retention. Hence, we need
an appropriate barrier height and thickness. Second role is a charge transfer path. It
must be robust enough under 10 MV/cm high field or 5V hot electron energy during
charge injection mode, and both trapping and detrapping sites creation rates should be
substantially suppressed. 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
leakage is achieved [33]. This is not enough, because it only achieves 1 nm reduction

even with heavy nitridation.
Among various materials, both Ta,Os and TiO, have narrow band gap resulting
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in too low electron barrier height (pg) [84]. These films are not suitable from the
viewpoint of flash reliability and thermally excited current. On the other hand,
Si3Ny, Al;03, ZrO, and HfO, have reasonable bandgaps and barrier heights, these
dielectrics are then the potential candidates [84]. In this chapter, the effects of
high-k materials SisN4, Al,O3 and HfO, serving as the TD of flash memories were
studied with different programming and erasing schemes through 2-D MEDICI
simulator. High-x dielectrics served as the TD to replace SiO, TOX can improve
tunneling probability due to smaller ¢g. However, gate coupling ratio degrades as the
dielectric constant of the TD increasing, which confines the high-x TDs to be
programmed and erased with hot-electron injection. Due to the contrary
programming/erasing schemes compared to the high-x IPDs, high-k TDs are suitable

for next decade NOR-type stacked-gate flash memories in terms of voltage reduction.

5.2 Simulation Details

To examine the impact of high-x TDs, simulations are carried out using the
conventional stacked-gate flash cell with fixed HfO, IPD. Two-dimensional MEDICI
[83] simulator is employed for the performance simulations of a 0.45um stacked-gate
n-channel flash memory with several kinds of high dielectric constant TD. They are
Si3Ny4, Al,O3 and HfO,. The barrier heights of Al,O3; and HfO, are extracted with the
technique used in Ref. 84, which are 2.8eV and 1.5eV, respectively. The permittivity
is 9 for Al,O3 and 25 for HfO,, which are referred from Ref. 85. The physical
thickness of HfO, IPD and various tunnel dielectrics is 140A and 100A, respectively.
Dielectric parameters of various tunnel dielectrics are listed in Table 5.1. For

comparison, programming of the devices is achieved either by channel-hot-electron
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injection (CHE) or channel-Fowler-Nordheim injection (CFN). All of the devices are
erased by the source-side Fowler-Nordheim (SFN) ejection from the floating gate
(FG), by assuming 1x10™ C/um charges pre-existed in FG. In order to enhance the
efficiency of SFN ejection, deeper source junction than drain junction is formed.
Cross-sectional view of simulated device structure is the same with Fig. 4.1. The
programming and erasing time is defined as the shift of device threshold voltage (V1u)

reaches 3 volts during measurement.

5.3 Results and Discussions

According to International Technology Roadmap for Semiconductor (ITRS)
criteria, the required TD thickness for NOR--and NAND-type flash memories is less
than 7nm for next year [28]. However, thickness scaling of SiO, tunneling oxide has
been strongly limited by the unavoidable stress-induced leakage current caused by
1x10° program/erase cycling [87], [88]. Therefore, there is a strong demand to
incorporate alternative high-x dielectrics on nonvolatile memories for enhancing

performance while suppressing charge loss.

5.3.1 Basic Characteristics of Flash Memories with HfO, IPD and High-« TDs

Figure 5.1(a) compares the HfO,-IPD electric field of stacked-gate flash
memories as a function of control gate voltage (Vgs) with various high-x TDs. Since
larger IPD electric field across on erased-state cells will result in more severe charge
loss from floating gate to control gate, the flash memories with high-x TDs are

expected to possess smaller programming window than SiO, TOX. The flash
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memories with high-x TDs also reduce the electric field on the TD, defined as TD
voltage/100A physical thickness, as shown in Fig. 5.1(b). Therefore, the flash
memories with high-x TDs will reduce capacitive coupling from control gate to

floating gate, exhibit large IPD electric field as well as small TD electric field.

Linear and saturation region transfer characteristics of the stacked-gate flash
memories with various high-x TDs are shown in Fig. 5.2. The flash memories with
high-« TDs not only depict the degraded subthreshold swing but also exhibit
significantly large off-state current, especially for high drain bias, which are caused by
the inevitable drain turn-on and the reduced gate coupling ratio. As the permittivity of
tunnel dielectrics increases, more amount of drain voltage is coupled to floating gate,
and deteriorates control gate controllability. Figure 5.3 indicates the output
characteristics of stacked-gate flash memorieswithhigh-k TDs. Albeit the high-k TDs
increase the drive current, remarkable drain turn-on are also observed. Figure 5.4
exhibits the substrate current of the flash-memories with HfO, IPD and high-x TDs.
Referring to eq. (4-6) and (4-7), the maximum-channel electric field of the high-k TDs
is larger than SiO, TOX due to reduced gate coupling. Consequently, the high-x TDs
will increase drain current as well as enhance impact ionization, contributing to larger
than 2 times maximum substrate current increment. This result clearly reveals that the
high-kx TDs can increase hot electron injection and the improvement in CHE

programming can be predicted.

5.3.2 Program/Erase Characteristics of Flash Memories with HfO, IPD and High-x

TDs

The CHE current injected to the FG of the stacked-gate flash memories with
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HfO, IPD and high-k TDs is compared in Fig. 5.5(a). By replacing SiO, TOX to
high-k tunnel dielectrics, the injected hot electron current from the substrate to the FG
is obviously increased. Figure 5.5(b) shows the calculated CHE injection efficiency of
the stacked-gate flash memories with HfO, IPD and high-« TDs. Similarly, the
enhanced injection efficiency is obtained by increasing the k-value of the tunnel
dielectrics. The CHE programming times as a function of Vgs for various TDs are
shown in Fig. 5.6. For the 10 us programming time, the control gate voltage can be
reduced by 16%, 18% and 27% with replacing SiO, TOX to SisNg4, Al,O3 and HfO,
TD, respectively. Although the electric field on high-«k tunnel dielectrics is lower than
SiO; TOX, enhanced impact ionization rate and lower g contribute to higher CHE
programming speed. As a result, the flash memories with HfO, IPD and high-x TDs

are suitable to supplant presently tunaneling oxide in NOR-type array architectures.

Figure 5.7 compares the FN tunneling current injected to FG under CFN
programming schemes of the stacked-gateflash-memories with HfO, IPD and high-k
TDs. Injected FN current reveals a stronger dependence on the permittivity of the TDs
than HE current. More than 10 times FN current reduction is observed while replacing
tunneling oxide to high-k TDs. Figure 5.8 shows the relationships between CFN
programming time and Vs for flash memories with different TDs. Obviously, the
degradation of CFN programming speed can be ascribed to the reduced tunneling
current from substrate into the FG. Compared to the results in Fig. 5.6, the benefit of
employing high-x TDs is obviously only effective in CHE programming rather than in
CFN programming. This is ascribed to that FN tunneling current is exponentially
dependent on the electric field, the smaller electric field on high-«x TDs reduces
electron injection efficiency than SiO, TOX. Therefore, the application of the high-k

TDs in the stacked-gate flash memories with CFN programming is unbeneficial,
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contrary to the CHE programming.

Figure 5.9(a) compares the programmed state IPD electric field of the
stacked-gate flash memories as a function of Vgs with floating drain and substrate.
Increasing the x-value of the TDs will lead to undesired IPD electric field increment,
the high-k TDs may deteriorate erase window through charge injection between the
FG and the control gate. As seen in Fig. 5.9(b), the flash memories with high-x TDs
also reduce electric field on the TDs and degrade erasing speeds, similar to the CFN
programming. Referring to Fig. 4.11, large positive electric field for flash memories
with high-x TDs will limit electron in the FG to be erased through tunnel dielectrics
while enhance unwanted electron injection from control gate to FG. Consequently,
flash memories with HfO, IPD and high-k_TDs are therefore expected to reduce
erasing speed as well as narrow down erasing window. Figure 5.10 compares the FN
tunneling current ejected from the FG under SEN erasing schemes of the stacked-gate
flash memories with HfO, IPD ‘and high-x-TDs. Ejected FN current reveals a strong
dependence on the permittivity of the TDs. Similar to the CFN programming, larger
than 80 times FN current reduction is observed while replacing SiO, TOX to high-k
TDs during erase. The SFN erasing time verse V¢ for flash memories with HfO, IPD
and high-x TDs is shown in Fig. 5.11. Employing high-k dielectrics as the TD also
tremendously degrades erasing speed directly ascribed to the decreased gate coupling
ratio, which is larger than 18% and 48% for Al,O3; TD and HfO, TD, respectively. In

summary, operation voltage reductions are listed in Table 5.2.

Consider CHE programming scheme, the flash memories with HfO, IPD and
high-k TDs exhibit larger than 18% and 27% voltage reduction for Al,O; TD and
HfO, TD, respectively. The improvement is apparently greater than the flash

memories with high-k IPDs. Our simulation results clearly indicate stacked-gate flash
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memories with HfO, IPD and high-x TDs can be used to replace conventional
NOR-type flash cells, in terms of control gate voltage scaling and operation speed

promotion.

5.4 Summary

The effects of high-k TDs on program/erase performance of the stacked-gate
flash memories are investigated. The results are quite contrary with respect to high-«
IPD. Due to the reduced gate coupling ratio, the programming/erasing speed of the
stacked-gate flash memories with high-x,TDs by using FN tunneling is helpless in
operation voltage reduction. On.the other hand, the increased electric field on HfO,
IPD would produce excess charge loss and narrow:the operation window between
programmed and erased state. Although the‘electric-field on high-« tunnel dielectrics
is lower than SiO, TOX, enhanced impact 1onization rate and lower g contribute to
higher CHE injection current and efficiency. Consequently, high-x TDs are only
effective for the memories programmed/erased with hot electron injection rather than
FN tunneling. Due to the contrary improvement in programming/erasing schemes
with respect to high-ik IPDs described in Chapter 4, high-k TDs are suitable for next

decade NOR-type stacked-gate flash memories.
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Table 5.1 Dielectric constants and conduction band offsets with respect to Si of the
TD materials with fixed HfO, IPD for simulated stacked-gate flash memories.

TD Thickness K AEc (¢B)
SiO, 100A 3.9 3.2
SizN, 100A 75 2.1
Al,O3 100A 9 2.8
HfO, 100A 25 1.5

Table 5.2 Operation voltage reduction of stacked gate flash memories with HfO, IPD
and high-x TDs.

HTO, Al,O3 SizNy SiO,
GCR 0.422 0.662 0.701 0.814
DCR 0.056 0.042 0.039 0.029
SCR 0.236 0.138 0.122 0.076
GCR Degradation -48.03% | -18.37% | -13.72%
DCR Degradation -86.29% | -39.80% | -30.77%
SCR Degradation -206.89% | -79.71% | -59.04%
10ps CHE Vs 7.33 8.25 8.42 10.05
Program
Improvement | 27.08% 17.91% 16.19%
10us CFN Vs 13.72 10.92 9.97 7.65
Program .
Degradation -79.35% | -42.75% | -30.33%
0.1ms SEN Vs -11.01 -8.83 -7.82 -6.23
Erase .
Degradation -76.73% | -41.73% | -25.52%
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Fig. 5.1 (a) IPD (b) TD electric field as a function of control gate voltages of erased
state stacked-gate flash memories with HfO, IPD and high-x TDs under Vp = Vg = Vs
= -9.0V. High-x TDs can increase IPD electric field as well as reduce TD electric
field.

-81-



Yeong-Yuh Chen’s Ph. D. Dissertation

0.01 |
HfO, IPD / High-x TD
HE 0 5 S
R TR ARARAAASSLESESSCLE:
23
1E-6 1
E 1E-8 1
=
— 1E-10 !
—D _:
1E-12 1
1E-14 1
1E-16 | , =
Ve (V)
(a)
0.01 |
1E-3
vvppﬂ’o"*‘""}'z‘:'x'X’
1E-4 N IZ'Z'z'E'E'g .::::::“‘ ™ u-n-
~ 1E5 _
: :
1 -
< P V=50V 3
2 1E-7 _
1E-8 _
1E-9 b _
e 8 m——] ]
VGS(V)
(b)

Fig. 5.2 (a) Linear region (b) saturation region transfer characteristics of stacked-gate
flash memories with HfO, IPD and high-k TDs. The flash memories with HfO2 IPD
and high-x TDs not only depict the degraded subthreshold swing but also exhibit
significantly large off-state current.
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Fig. 5.4 Substrate current of stacked-gate flash memories with HfO, IPD and high-«
TDs. Maximum substrate current is substantially dependent of the k-values of TDs.
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Fig. 5.5 (a) CHE current injected to FG (b) CHE injection efficiency as a function of
control gate voltages of stacked-gate flash memories with HfO, IPD and high-k TDs
at Vps = 5.0V. Flash memories with high-« TDs dramatically enhance injection
efficiency than SiO, TOX.
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Fig. 5.7 CFN current injected to FG as a function of control gate voltages of
stacked-gate flash memories with HfO, IPD and high-k TDs at Vps = 5.0V.
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degradation in CFN programming speed for:high-ik TDs is indicated.
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Fig. 5.9 (a) Absolute IPD (b) TD electric field as a function of control gate voltages of
programmed state stacked-gate flash memories with HfO, IPD and high-k TDs under
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electric field as well as reduce TD electric field.
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Fig. 5.11 SFN erasing time of stacked-gate flash memories with HfO, IPD and high-«
TDs. High-«x TDs crucially deteriorate SFN erasing speed.
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CHAPTER 6

Study of Surface NH; Nitridation on the Trapping

Characteristics and Dielectric Reliabilities of Al,O5; IPD

6.1 Introduction

Fast low-power nonvolatile memories are 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];- [89]-[91]. For EEPROM and flash
memory devices, the inter-poly dieleciric (IPD) requires a high charge-to-breakdown
(Qsp), high breakdown field and low leakage current to obtain good data retention
characteristics [92]-[94]. 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], [95]. 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 [89], [90], [96]-[103].

There are three different approaches can be used to increase coupling ratio. First,
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 [104]-[106]. However, decreasing the
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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 memaories. Secondly,
increase the area of the IPD capacitor. High capacitive-coupling ratio cell [96]-[98],
3-dimension interpoly dielectric [100], and hemisphere grain [101], [102] had been
proposed to effective increase the capacitance area and lower the control gate bias.
Although the coupling ratio of above mentioned cell structures 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 (k) of IPD materials [22], [23], [27], [107]-[114].
Therefore, it is straightforward and effective to incorporate alternative high dielectric
constant (high-x) materials on nonvolatile memories to replace oxide/nitride/oxide
IPD for increasing floating gate- capacitance ‘without increasing cell area and

complexity of fabrication while-suppressing charge loss.

In Chapter 4, we have demonstrated-that-the control gate voltage can be reduced
greater than 30% with high-k IPDs* through MEDICI simulation. Among those
potential candidates, aluminum oxide (Al,O3) is the most attractive for IPD
applications 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 SizsNy4 [17], [21], [84], [85], [112], [115]. Previously, Lee et al. had been
shown the benefits of using an Al,O3 IPD for low voltage/high speed flash memories
in simulations [21]. In this chapter, the effect of surface NHj nitridation on the
electrical properties and reliability characteristics of dc reactive-sputtered (RS) Al,O3
inter-poly capacitors are studied. 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 Qgp as well. This is ascribed to the
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resultant smoother interface between the dielectric and the floating gate by surface
nitridation and less electron traps in the bulk. Auger electron spectroscopy (AES)
depth profile also shows that the surface nitridation can effectively eliminate

inter-diffusion between Al,O3 IPD and underneath poly-Si.

6.2 Experimental Details

The n*-polysilicon/Al,Os/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 subsequéntly implantéd with phosphorous at 5x15cm, 20keV,
then activated with RTA at 950°C. for. 30s:-Prior‘to the growth of Al,O; IPDs, the
native oxide covered 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-l prepared in this matter was known to be contamination free and
terminated with atomic hydrogen. After being wet cleaned and dipped in HF solution,
several samples were subjected to ammonia (NH3) nitridation in the LPCVD furnace
at 800°C for 1hour. Then, 10nm Al,O3 IPD was deposited by reactive sputtering (RS)
in an Ar/O, ambient. Annealing of Al,O3 IPDs was carried out by rapid thermal
annealing at 800°C in an O, atmosphere for 30s. Subsequently, a 2000A top
polysilicon layer (Poly-I1) was deposited by LPCVD and implanted with phosphorous
at 5x15cm™, 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
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view and key process steps of Al,O3 inter-poly capacitor with surface NH; nitridation

and post-deposition oxygen annealing are shown in Fig. 6.1 and 6.2, respectively.

The equivalent oxide thickness (EOT) was obtained from the high frequency
(100kHz) capacitance-voltage (C-V) measurement using a Hewlett-Packard (HP)
4284. Moreover, the physical thickness was estimated by high resolution transmission
electron microscopy (HRTEM). The electrical properties and reliability characteristics
of the inter-poly capacitors were measured using a HP4156C semiconductor
parameter analyzer. The atomic concentrations and depth profiles of the Al,O3; IPD
were extracted by AES. The blanket wafers with Al,O3 dielectric deposition on top of
the Poly-1 annealed at various PDA temperatures were also prepared for surface

roughness measurement by atomic force,microscopy (AFM).

6.3 Results and Discussions

In this chapter, the effects of surface NHj nitridation on the dc reactive-sputtered
Al,O3; IPD are investigated in terms of leakage current, surface roughness and

dielectric reliabilities.

6.3.1 Investigation of Surface NH3 Nitridation Effects on the RS Al,O3; IPD

The current density-effective electric field (breakdown voltage/EOT) (J-E)
characteristics of the 800°C-annealed Al,O3 inter-poly capacitors with and without
NHj3 nitridation on the Poly-1 surface at 800°C for 1hr are seen in Fig. 6.3(a). The J-E

curves reveal a rapid rise in leakage current at electric field beyond 5 MV/cm due to
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Fowler-Nordheim (FN) tunneling through the Al,O3 IPD. It is found that the sample
with NHj; nitridation results in an almost one order of magnitude reduction in
positive-biased leakage current density, compared to the sample without NH3
nitridation. Similarly, a leakage current with 10 times reduction is also observed in
negative polarity. Figure 6.3(b) indicates C-V curves of 800°C-annealed Al,O3
inter-poly capacitors with and without surface NHj nitridation. Comparing to
conventional MOS-capacitors, inter-poly capacitors have large minimum capacitance
due to heavy doping in Poly-l. The EOT of sample with and without nitridation is
4.6nm and 5.6nm, respectively. Surface nitridation can effectively suppress the
interfacial layer (IL) growth, and results in 1nm EOT thinning, which can be

evidenced by HRTEM images shown in Fig. 6.4.

It is important to monitor both the-leakage current uniformity and breakdown
field of IPD to inspect the charge loss conditions through low and high electric field
for flash memories biased at read and program/erase scheme, respectively. According
to the simulated electric field shown in'Fig. 4.2, leakage current density at 3 MV/cm
and 8 MV/cm is chosen to be the indicators of charge loss through Al,O3 IPD at read
and program scheme, respectively. Figure 6.5 compares the Weibull distributions of
the leakage current density of Al,Os inter-poly capacitors after 800°C PDA with and
without NHs; nitridation in both polarities. Strong polarity dependence between
positive and negative bias is evident in Al,O; IPD with and without nitridation,
leakage current at positive bias is higher than negative bias, which can be partially
explained by asymmetric band diagrams for electron injection. Although the leakage
current reduction at low electric field is inconspicuous, surface nitridation can
effectively suppress high electric field leakage current, especially for positive gate

voltage. The results apparently demonstrate Al,O3 IPD with surface nitridation can
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effectively reduce charge loss from floating gate to control gate as well as carrier
injection from control gate to floating gate, better retention and disturb characteristics

are expected by replacing ONO IPD to Al,O3 IPD.

Figure 6.6 examines the Weibull distributions of the effective breakdown field in
the Al,Os inter-poly capacitors after 800°C PDA with and without surface NHs
nitridation for both polarities. A breakdown field improvement of more than 2 MV/cm
is clearly observed on the nitridated samples for both positive and negative polarities.
Higher breakdown is helpful to reduce charge transportation path between control
gate and floating gate. Dielectric relaxation current (transient gate current) for the
800°C-annealed Al,O3 IPDs with and without NH3 nitridation was measured instantly
after a 2V voltage step, which is shown in,Fig. 6. 7. J(t) follows a t" dependence with
n close to 1 for 10 decades of times, whichican:be explained by Curie-von Schweidler
law and double potential well model [116]-[118]. Due to the asymmetry of the energy
band structure, electron transport is easier-in‘positive polarity than negative polarity.
As a result, positive polarity shows larger relaxation current. Moreover, samples with
NH3 nitridation apparently reduce relaxation current, which can be ascribed to the
reduced bulk defects. Al,O; IPD with surface nitridation clearly suppresses the
relaxation current due to smaller trapping density and trapping rate, as shown in

below.

Figure 6.8(a) depicts the charge trapping curves of the 800°C-PDA Al,O3
inter-poly capacitors with and without nitridation under a constant current stress (CCS)
of 5 mA/cm? and 1 mA/cm?, respectively, in both polarities. The increase in the
absolute gate voltage is obviously coming from electron trapping. It is noted that the
Al,O3 inter-poly capacitors with surface nitridation, albeit subjected to a larger

stressing current, show a much smaller electron-trapping rate than those without
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nitridation. Figure 6.8(b) demonstrates the corresponding Weibull distributions of Qgp
for two splits. Clearly, the Al,O3 inter-poly capacitor with NHs nitridation has a
nearly one order of magnitude improvement. This trend is fully consistent with the
results in Fig. 6.8(a), i.e., higher trapping rate will lead to lower Qgp. The relatively
reduced electron trapping rate is also consistent to the suppressed dielectric relaxation

current for the IPD with NHs; nitridation.

6.3.2 Conduction Mechanism of the RS Al,O3 IPD

Figure 6.9(a) shows the J-E characteristics of 800°C-annealed Al,Osz inter-poly
capacitors with and without NHj; nitridation measured at four different temperatures,
25°C, 75°C, 100°C and 125°C. The effect on theleakage current as the temperature
rises from room temperature t0-125°C is minor, which confirms that the FN tunneling
dominates the conduction mechanism,-rather-than Frenkel-Poole tunneling. Moreover,
despite measuring temperatures, positive-biased leakage current is always higher than
negative-biased current. Effective barrier heights (¢g) of the 800°C-annealed Al,O3
IPD with and without NH3 nitridation in both polarities are extracted in Fig. 6.9(b). In
positive polarity, the ¢g of the Al,O3; IPD with and without NH3 nitridation are
1.54eV and 1.25eV, respectively, from fitting the voltage dependence of the FN
tunneling current by assuming effective electron mass in Al,O3 of being 0.2mg [119].
Higher g can reduce electron tunneling probability and lead to lower leakage current
density. However, the barrier heights in negative polarity are 1.62eV with nitridation
and 1.59eV without. The nearly identical @g value cannot account for the reduction of
the lower leakage current of nitridated IPD in negative polarity, as compared with
non-nitridated IPD. We ascribe this result to the small concentration of oxygen

vacancies existed in the Al,O3 IPD after 800°C PDA in oxygen ambient, which will be
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further discussed later.

6.3.3 Polarity Dependence of the RS Al,O3; IPD

Although Poly-1 and Poly-11 have similar fabrication process, our results clearly
indicate asymmetric polarity characteristics. The enhanced breakdown field and
reduced leakage current of nitrided samples in positive polarity may be attributed to
the reduced interfacial reaction between the IPD and Poly-I films and smoother
surface roughness of the Poly-1 films. This speculation is supported by the results of
the AFM images, shown in Fig. 6.10. Before IPD deposition, the RMS roughness of
the Poly-I surface is 2.57nm and 2.64nm, respectively, with and without nitridation.
After a 150°C hot phosphoric acid (HsPO,) ‘etching step with the Al,O3/Poly-Si
selectivity larger than 60, the=RMS roughness .of-the bottom interface with and
without surface nitridation are 2.76nm and-3.32nm, respectively. Significantly rough
surface is observed for the sample without NHs nitridation. A smoother interface is
helpful in reducing the localized field and, hence, results in lower leakage current and

higher breakdown field [120], [121].

The origin of the resulting smoother interface is hypothesized to be closely
related to the capability of Si-N layer in blocking oxygen diffusion during
post-deposition O, annealing. From the high-frequency C-V measurements, the EOTs
of the Al,O3 IPD layers after 800°C PDA with and without NH3 nitridation are 4.6nm
and 5.6nm, respectively, as seen in Fig. 6.3(b). In addition, from the AES analyses of
the Al,O3 inter-poly capacitors after 800°C annealing, shown in Fig. 6.11, the profiles
of Si and oxygen at Al,O3/Poly-I interface indicate that the NH3 nitridation can block

the inter-diffusion of Si and O. Without surface passivation, Al and O atoms are more
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likely to react with Si and may form additional silicon dioxide and/or aluminum
silicate with relatively lower k value [122]. High resolution TEM images of Al,O;
inter-poly capacitors after 800°C annealing with and without surface NH3 nitridation
are inspected in Fig. 6.4. Further evidence from TEM images also reveals a thicker
interface layer and rough interface for the non NHs-nitrided sample. As a result,
higher EOT value and a rougher surface are therefore obtained. As indicated in Fig.
6.3 and 6.5, the asymmetry in the gate current with respect to the injection polarity
can only be partly explained by the difference in barrier heights between Poly-Si and
Al,O; IPD. The asymmetric leakage current dependence can be ascribed to
asymmetric band diagram for carrier tunneling [123]. For negative polarity, the
interfacial layer acts as a capacitive voltage divider and reduces the injection fields.
For positive polarity, the interfacial layer appears to be transparent and can be

neglected.

Second, the improvement of electrical-properties in negative polarity cannot be
fully attributed to the smooth surface‘roughness and large barrier height. Thus, we
suspect that surface nitridation may effectively reduce the concentration of oxygen
vacancies during post-deposition high temperature annealing due to its capability to
block oxygen diffusion; in this case, oxygen molecules could have higher probability
to compensate or exchange the unsaturated/strained bonds in the as-deposited Al,O:s.
In addition, strained Si-O bonds in the as-deposited film can be replaced with
un-strained Si-O bonds due to oxygen exchange during post-deposition annealing
[124]. Consequently, nitridation will cause more oxygen vacancies to be compensated
during post-deposition oxygen annealing, resulting in a smaller tunneling current and
higher Qgp for negative polarity. Surface NHj3 nitridation therefore exhibits a highly

potential to diminish charges transfer between control gate and floating gate of the
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stacked-gate flash memories.

6.4 Summary

The effect of NH3 nitridation of Poly-1 on the electrical properties and reliability
characteristics of the Al,O3 inter-poly capacitors are evaluated in this chapter. With
surface NH3 nitridation, the formation of an additional layer with lower dielectric
constant during post-annealing process can be significantly suppressed and reduced
the EOT to 4.6nm, compared to that without nitridation treatment. For positive gate
bias, IPD with NH3 surface nitridation_can significantly suppress the formation of an
additional layer with lower dielectric constant during post-annealing process and
obtain smoother interface, compared .to that ‘without nitridation treatment.
Furthermore, the presence of a-thin'Si-N-layer can make PDA more effective in
eliminating traps existing in the "‘as-deposited films and improve dielectric
characteristics under negative polarity. As a result, a smoother interface and smaller
electron trapping rate can contribute to the drastically reduced leakage current,
enhanced breakdown field and Qgp of Al;O3 interpoly capacitors with surface NH;
nitridation for both polarities. AES depth profile also showed that the surface
nitridation can effectively eliminate inter-diffusion between Al,O; IPD and
underneath poly-Si. Surface NH; nitridation therefore is expected to exhibit a highly
potential to diminish charges transfer between control gate and floating gate of the

stacked-gate flash memories.
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Table 6.1 EOT, Poly-l surface roughness and 63%-failure Qgp values of the
800°C-annealed Al,Oj3 inter-poly capacitors with and without surface NHjz nitridation.

NHs; Poly-1 surface 63% Qep (MC/cm?)
o EOT (A)
nitridation roughness (nm) positive negative
with 46 2.76 65.1 170.5
without 56 3.32 5.4 9.2
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Fig. 6.1 Cross-sectional view of Al,O3; inter-poly capacitor with surface NH;
nitridation and post-deposition oxygen annealing.
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Fig. 6.2 Key process steps of Al,O3 inter-poly capacitor with surface NHj nitridation

and post-deposition oxygen annealing.
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Fig. 6.3 (a) J-E characteristics (b) C-V curves of 800°C-annealed Al,O3 inter-poly
capacitors with and without surface NHj; nitridation under both polarities. Surface

nitridation is beneficial in thinning EOT and lowering leakage current density
compared to samples without nitridation.
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Fig. 6.4 High resolution TEM images of Al,O3 inter-poly capacitors after 800°C
annealing (a) with (b) without surface NH3 nitridation. Physical thickness of Al,O3
IPD is estimated to be 8.5 nm. Samples with NHj3 nitridation can effectively reduce
interfacial layer growth and smooth interface roughness.
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Fig. 6.5 Leakage current density Weibull distributions at 3 MV/cm and 8 MV/cm of
800°C-annealed Al,Os inter-poly capacitors with and without NH3 nitridation under (a)
positive Vg (b) negative V. Surface NHj nitridation can effectively reduce low and
high field leakage current under both polarities.
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Fig. 6.8 (a) Curves of gate voltage shift (b) Qsp Weibull plots of Al,Os3 inter-poly
capacitors after 800°C annealing with and without surface NHjz nitridation under
constant current stress. Samples with NHj3 nitridation can suppress electron-trapping
generation and increase Qgp.
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Fig. 6.11 AES depth profiles of Al,Og linter-poly capacitors after 800°C annealing
with and without surface NHj . hitridation. Surface nitridation clearly suppresses

interfacial Al, O and Si inter-diffusion.
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CHAPTER 7

Effects of PDA Temperature on the

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

7.1 Introduction

With the scaling down of thickness of the inter-poly dielectrics (IPD), the
quality of dielectric becomes very:eritical for the application of the EEPROM and
flash nonvolatile memories. Lower leakage: of.the dielectric means longer data
retention time. In previous chapter, Al;Os IPD-with surface NH; nitridation has been
shown improved electrical properties. 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. 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. However,
the Qgp is quite low. Moreover, the effect of post-deposition annealing (PDA)
temperature on the electrical properties and reliability characteristics of dc
reactive-sputtered Al,O3 inter-poly capacitors with surface NHjz nitridation are studied
in this chapter. The electrical properties of the Al,O3 IPD are strongly influenced by
the PDA temperature. The optimum is 900°C in terms of leakage current, electron
trapping rate and Qgp. X-ray photoelectron spectroscopy (XPS) and Auger electron

spectroscopy (AES) depth profile showed that the excess oxygen plays an important
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role in determining the resultant IPD electrical properties.

7.2 Experimental Details

The n*-polysilicon/Al,Os/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,4 gas at 620°C and subsequently implanted with phosphorous at 5x15cm™, 20keV,
then activated with RTA at 950°C for, 30s.,Prior to the growth of Al,O; IPDs, the
native oxide covered Poly-l1 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-I 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 (NHs3) nitridation in the LPCVD furnace at
800°C for 1hour. Then, 10nm Al,O3 IPD was deposited by reactive sputtering (RS) in
an Ar/O; ambient. Annealing of Al,O; IPDs was carried out by rapid thermal
annealing at temperatures ranging from 800°C to 1000°C in an O, atmosphere for 30s.
Subsequently, a 2000A top polysilicon layer (Poly-11) was deposited by LPCVD and
implanted with phosphorous at 5x15cm™, 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 Al,Oz inter-poly
capacitor with surface NH; nitridation and post-deposition oxygen annealing are the

same as Fig. 6.1 and 6.2, respectively.
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The equivalent oxide thickness (EOT) was obtained from the high frequency
(100kHz) capacitance-voltage (C-V) measurement using a Hewlett-Packard (HP)
4284 LCR meter. Moreover, the physical thickness was estimated by high resolution
transmission electron microscopy (HRTEM). The electrical properties and reliability
characteristics of the inter-poly capacitors were measured using a HP4156C
semiconductor parameter analyzer. The atomic concentrations and depth profiles of
the Al,O3 IPD were extracted by XPS and AES respectively. The blanket wafers with
Al,O3 dielectric deposition on top of the Poly-1 annealed at various PDA temperatures
were also prepared for surface roughness measurement by atomic force microscopy
(AFM). Phase change after high temperature annealing was analyzed by X-ray

diffractometer (XRD).

7.3 Results and Discussions

In this chapter, the effect of PDA temperature on the RS Al,O3; IPD with surface
NH; nitridation are investigated in terms of leakage current, surface roughness and

dielectric reliabilities.

7.3.1 The Effects of Post-Deposition Temperature Annealing on the RS Al,O3 IPD

Figure 7.1(a) indicates C-V curves of Al,O3 inter-poly capacitors with surface
NH; nitridation annealed at 800°C to 1000°C. The EOT is increased as raising
annealing temperature, which can be ascribed to the thick interfacial layer (IL) growth.

Figure 7.1(b) compares the J-E characteristics of the Al,O3 inter-poly capacitors with
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NHj3 nitridation at various PDA temperatures under both polarities. It is found that the
sample with 900°C annealing can effectively reduce the low-field leakage current
than 800°C- and 1000°C-annealed samples, which is helpful to suppress charge

loss from the floating gate.

Figure 7.2(a) presents the transient currents for the annealed Al,O3 IPDs under a
low field of 2 MV/cm in order to suppress the creation of stress-induced traps. Filling
of the pre-existing electron traps in the dielectric leads to the decrease of the current
leakage magnitude over time for all samples [115], [125]. Moreover, the rate of
leakage current reduction in either polarity is nearly identical, suggesting that the traps
are distributed uniformly across the films. Therefore, we believe that the dependence
of the IPD characteristic on annealing .temperature is closely related to the bulk
defects in the dielectric, i.e., point defects: Dielectric relaxation current (transient gate
current) for the annealed Al,O3-1PDs was measured instantly after a gate voltage step,
which is shown in Fig. 7.2(b)."When.gate voltage pulses are applied to inter-poly
capacitors, the gate current amplitude ‘reaches a high level instantly after the switch
and then decays to a low constant level. The J-t curves are nearly a straight line in
log-log scale with slope ~ -1 [126], [127]. Due to the asymmetry of the energy band
structure, electron transport is easier in positive polarity than negative polarity. As a
result, positive polarity shows larger relaxation current. Moreover, dielectric
relaxation current is also depended on the PDA temperature. 900°C-annealing
apparent reduce the relaxation current due to smaller trapping density and trapping

rate, which is evidenced below.

Figure 7.3(a) depicts the curves gate voltage shifts of the Al,Oz inter-poly
capacitors with surface nitridation annealed at 800°C to 1000°C under a constant

current stress (CCS) of 5 mA/cm? in both polarities. The increase in the absolute gate
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voltage indicates that the primary mechanism responsible for the long-term wear-out
in Al,O3 is the creation of electron traps. Moreover, Al,O3 inter-poly capacitors
annealed at 900°C exhibits small electron trapping rate than annealed at 800°C or
1000°C. The Weibull distributions of Qgp for samples with various PDA temperatures
are shown in Fig. 7.3(b). The dependence of Qgp on polarity due to NH3 nitridation
has been discussed in previous chapter. For positive gate bias, IPD with NH3 surface
nitridation can significantly suppress the formation of an additional layer with lower
dielectric constant during post-annealing process and obtain smoother interface,
compared to that without nitridation treatment. Furthermore, the presence of a thin
Si-N layer can make PDA more effective in eliminating traps existing in the
as-deposited films and improve dielectric characteristics under negative polarity. The
results clearly reveal Al,Os; IPD: with optimized 900°C PDA and surface NHj
nitridation can effectively reduce .electron trapping rate as well as obtain high Qgp,

which can be ascribed to the less bulk.defect.density after high-temperature annealing.

The extracted dielectric constant (k)" and IL thickness of Al,O3 inter-poly
capacitors with surface nitridation annealed at 800°C to 1000°C is seen in Fig. 7.4.
The result is consistent with EOT extracted from C-V curves and clearly reveals Al,O3
IPD with 900°C PDA exhibits better dielectric properties, i.e. higher k-value and

thinner IL, than 800°C and 1000°C annealing.

7.3.2 Conduction Mechanism of the RS Al,O3 IPD

Figure 7.5 illustrates the temperature dependence of gate current density at 6
MV/cm of Al,Oj inter-poly capacitors with surface NH; nitridation annealed at 800°C

to 1000°C in O, ambient. In general, all samples exhibited considerably weak
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measuring temperature dependence on the leakage current density in either polarity,
implying that the tunneling mechanism for the Al,O3 IPD is Fowler Nordheim-like,
rather than Frankel Poole-like. On the other hand, the magnitude of the leakage
current was found to be strongly depended on the annealing temperature. The leakage
current density of IPD subjected to 900°C annealing is less than 30 nA/cm? at 6
MV/cm, which is one order of magnitude lower as compared to 800°C annealing.
Moreover, further increasing the annealing temperature up to 1000°C did not help
improve the characteristic of the dielectric. The reason for this may be many-fold, and
a more detailed description will be given later. According to the results shown in Fig.
7.1 and Fig. 7.5, we believes Al,O3 IPD with 900°C PDA can significantly reduce the
charge loss from floating gate due to less than 30 nA/cm? leakage current at 6 MV/cm
even measured at 150°C. The extracted positive-biased and negative-biased effective
barrier height (pg) of the 900°C-annealed Al,03 IPD is 2.18eV and 2.24eV,
respectively, by assuming the effective-electron mass in Al,O; to be 0.2mg [119].
Al,O3 IPD with 900°C PDA exhibits the largest ¢g than 800°C- and 1000°C-annealed
sample, which can reduce electron tunneling probability and lead to better charge

retention characteristics.

The trapped charge centroid (X;) and density (Qy) in the Al,O3 IPDs can be

estimated according to the bi-directional I-V method [128], [129].

AV

X, = EOT x G+ (7-1)
AV, + AV

“ox (7-2)
Q = por [ AVg, + AVq_ j

where g IS the permittivity of SiO, AVs: and AVe. are the gate voltage shifts when
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Poly-11 is positively and negatively stressed by a constant current respectively. Gate
voltage shifts are extracted from the linear portion of the J-V curves at a current level
100 times smaller (1 pA/cm?) than that of the injection current (100 pA/cm?) in order
to reduce possible re-emission of the trapped electrons [128]. Figure 7.6(a) compares
the calculated X; of Al,Os inter-poly capacitors annealed at various PDA temperatures
under positive and negative CCS. Polarity dependent dielectric characteristics can be
partially explained by variation of charge centroids. It is shown that the trapped
charge centroid for negative CCS is relatively far away from the electron injection
electrode, i.e. cathode, results in smaller charge trapping rate and higher Qgp than
positive CCS, which is consistent with previous results. Traps near electron injection
cathode in positive polarity also enhance dielectric relaxation current. Furthermore, as
PDA temperature increases, both centroids of pasitive and negative CCS move from

Al,O3Poly-I interface toward Pely-H/Al,O3 interface:

The trapped charge densities of. Al,Os-inter-poly capacitors at various PDA
temperatures under positive and negative:CCS are shown in Fig. 7.6(b). Pronouncedly,
negative CCS results in smaller trapped electron density than positive CCS, consistent
with the lower trapping rate observed in Fig. 7.5(a). Moreover, IPD with 900°C
annealing shows a nearly one order of magnitude reduction in the trapped charge
density as compared to the 800°C-annealed sample. Al,O3 inter-poly capacitors with
optimized 900°C PDA and surface NHs nitridation can suppress electron trapping rate
less than 1x10™ which is relatively small as comparing to the 800°C- and
1000°C-annealed samples. The corresponding band diagrams including charge
centroids and trapped charge densities of Al,O3 inter-poly capacitors with surface
NH; nitridation under both polarities are drawn in Fig. 7.7. As charge centroid

moving toward electron injection cathode, large voltage shift during CCS is induced
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and enhances electron trapping. As a result, polarity dependent dielectric reliabilities

are observed in the Al,O3 IPDs regardless of annealing temperatures.

7.3.3 Physical Evidences of the Optimized 900°C PDA

In order to study the XPS spectra of Al,O3 dielectrics, the blanket wafers with
Al,O3 deposition on top of the Poly-I annealed at different PDA temperatures are
prepared. The detected binding energy of the Al 2p and O 1s signals are calibrated by
C 1s signal (284.5eV) [130]. As shown in Fig. 7.8(a), the binding energy of the Al 2p
signal is found to gradually increase, while the binding energy of the O 1s signal
decreases as the PDA temperature increases to 900°C. This consequence suggests that
the dielectric becomes more completely oxidized during high temperature O,
annealing (the electronegativity-of Si, O and-Al is 1.9, 3.44 and 1.61, respectively).
However, as annealed temperature ireaches-up to-1000°C, the O binding energy
increases but the Al binding energy. remains unchanged as compared to the
900°C-annealed IPD. After arranging the background signal to equivalent level, as
seen in Fig. 7.8(b), O intensity gradually increases but Al intensity saturates when
annealing temperature is higher than 900°C. With annealing temperature larger than
900°C, the oxidation of Al metallic atoms is nearly completed, excess O from
annealing ambient turns to oxidize underneath Si substrate and form additional SiO,
interfacial layer, which is also proven by large EOT shown in Fig. 7.1(a). Both the
turnovers of O binding energy and saturated Al intensity are strong evidence that large

amounts of Si-O bonds are formed during 1000°C PDA.

Figure 7.9 presents the Al and O atomic concentrations extracted from XPS for

various PDA temperatures. The O/Al ratio of as-deposited Al,O3 IPD is found to be
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higher than 1.5 due to oxygen-rich dielectric deposition [131]. Initially, this
non-stoichiometric value decreases as the PDA temperature increases [132]. The O/Al
atomic ratio reduces to a nearly stoichiometric value of 1.52 at 900°C, but increases
again at 1000°C due to Al loss [133]. Moreover, increased O/Al atomic ratio at
1000°C is partially ascribed to the interfacial SiO, growth. According to the previous
studies, the electrical properties of Al,O3; were reported to be intimately correlated to
the film composition. To explain the variation of electrical properties when the
annealing temperature increases from 800 to 900°C, including breakdown field and

Qsp, We resort to the changes in composition and surface roughness.

The Weibull distributions of breakdown fields for the samples are shown in Fig.
7.10. Sample with 800°C PDA has the,largest effective breakdown field than 900°C-
and 1000°C-annealed. Since the'presence ofiexcess free oxygen can suppress the
aluminum rich defects and results in a.larger breakdown field [134], the large
breakdown field of 800°C-annealed-Al,OsIPD can be partially explained by high
O/Al ratio. Furthermore, surface roughness also play a key role in determine
breakdown field. Taking into account the increased surface roughness of Poly-I upon
increasing annealing temperature, as indicated in Fig. 7.11, our result shows that the
800°C-annealed sample did have a higher breakdown field than the 900°C-annealed

quite straightforwardly.

In contrast, the dependence of Qgp on the annealing temperature shown in Fig.
7.5 is not consistent with the trend in breakdown field. This occurrence owes to the
fact that breakdown is triggered once a critical electron trap density is reached based
on the so-called percolation model [71]. The critical electron trap density is strongly
dependent on the thickness and inherent physical properties of the dielectric.

Therefore, thicker IPDs coming from increasing the annealing temperature exhibit
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higher Weibull slopes and Qgp mean value. Moreover, an insufficient thermal
annealing budget will result in excess oxygen presented in the bulk, which can act as
efficient electron trap centers, making the dielectric more vulnerable to charge
wear-out. As a result, the dielectric annealed at 900°C exhibits a better stoichiometric
characteristic, smaller trapping rate, and lower trapped electron density, even though

the effective breakdown is relatively small.

On the other hand, the situation with 1000°C annealing is more complex. There
are several possible mechanisms responsible for the degradation. First, the amount of
excess oxygen increases, acting as electron trap centers and degrades Qgp. Second,
the formation of extra grain boundaries from the dielectric crystallization during such
high temperature annealing serves as additional electron trapping sites [135]. Based
on X-ray diffraction (XRD) spectra shown in‘Fig.7.12, we observe that after 900°C
annealing, the Al,O3; film has ‘crystallized. A diffraction peak associated with

crystalline Al,O3 appears at about 32.9° after-900°C PDA, which corresponds to the

( 202 ) plane for monoclinic Al,O3 [136]. Third, in Fig. 7.11, the measured surface

roughness of Poly-I after selectively Al,O3; IPD etching was found to increase from
2.89nm for the 900°C annealed IPD to 3.26nm for the 1000°C annealed Al,O3 IPD. A
rougher interface is more harmful due to the enhanced localized field which leads to
higher leakage current, lower Qgp and effective breakdown field [121]. Fourth, the
Al,O3/Si system is not stable at an ambient of 1000°C, and severe intermixing has
been observed in previous research [137]. Figure 7.13 demonstrates the AES depth
profiles for Al, O, N and Si elements. Clearly, the inter-diffusion between the Al,O3
IPD and underlying Poly-I becomes more notable when annealed at 1000°C. The
existence of these Al-Si-O mixtures may act as positive fixed charge centers [138] and

facilitate the trapping of electrons. Fifth, phosphorous diffusing from poly-Si may act
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as a network modifier and produce non-bridging oxygen, resulting in increased atomic
ratio as the PDA becomes higher than 900°C [139]. Consequently, the IPD annealed at
1000°C not only exhibits a slightly larger leakage current, but also a higher electron

trapping rate and a smaller Qgp than when annealed at 900°C.

7.4 Summary

The effects of PDA temperature on the electrical properties and reliability
characteristics of the Al,O3 inter-poly capacitors with surface NHs 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 characteristic in terms of leakage current, electron trapping
rate and Qgp. The XPS and AES analyses-indicate that this consequence is closely
related to the compositional changes and excess oxygen concentration when changing
annealing temperature. The results apparently demonstrate Al,O; IPD with surface
nitridation and optimized PDA temperature 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 and 900°C annealing thus appears to be very promising for future flash
memory devices. Table 7.1 lists several physical and electrical parameters, including
EOT, Poly-I surface roughness and the 63%-failure Qgp values of the Al,O3 IPDs
with surface NHs; nitridation annealed at various temperatures. k-value, interfacial
layer thickness and extracted ¢g of the Al,O3 inter-poly capacitors with surface NH;

nitridation at various PDA temperatures in O, ambient are summarized in Table 7.2.
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Table 7.1 EOT, Poly-I surface roughness and 63%-failure Qgp values of the Al,O;
inter-poly capacitors with surface NHs nitridation under positive and negative CCS at
various PDA temperatures in O, ambient. Due to the extremely large leakage current,
the corresponding EOT and 63%-failure Qgp values of the as-deposited Al,O3
inter-poly capacitors can not be determinable.

Poly-I surface 63% Qgp (C/cm’)
PDA (°C) EOT (A)
roughness (nm) positive negative
as-deposit N/A 2.66 N/A N/A
800 46 2.76 0.065 0.171
900 53 2.89 0.288 0.861
1000 63 3.26 0.257 0.728

Table 7.2 k-value, interfacial layer thickness. and, extracted barrier heights of the
Al,O3 inter-poly capacitors with surface NHs nitridation at various PDA temperatures
in O, ambient.

¢s (eV)
PDA (°C) K IL Thickness (A)
positive negative
800 8.2 8 1.54 1.62
900 9.3 11 2.18 2.24
1000 9.4 20 2.10 2.15

-120 -



Capacitance ( fF / umz )

10

Yeong-Yuh Chen’s Ph. D. Dissertation

&
Ja—y

"= 0.01

(A/
—
=

Current Density

- W

1E-5
1E-6
1E-7
1E-8

1E-9
1E-10

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

Gate Voltage (V)
(a)

——800°C
——900°C
——1000°C

PR B |
-14-12-10 -8 -6 -4 -2 0 2 4 6 8 10 12 14

Effective Breakdown Field (MV /cm )
(b)

Fig. 7.1 (a) C-V curves (b) J-E characteristics of Al,O3 inter-poly capacitors with
surface NH3 nitridation annealed at 800°C to 1000°C in O, ambient. Al,O3 inter-poly
capacitor with 900°C PDA in O, ambient is beneficial in scaling EOT and suppressing
low-field leakage current density.
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Fig. 7.2 (a) As-fabrication trap densities evaluation at 2 MV/cm constant voltage
stress (CVS) (b) dielectric relaxation current of Al,O3 inter-poly capacitors with
surface NH3 nitridation annealed at 800°C to 1000°C in O, ambient. Al,O3 inter-poly
capacitor with 900°C PDA in O, ambient can reduce as-fabricated trap densities.
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Fig. 7.3 (a) Curves of gate voltage shift (b) Qsp Weibull plots of Al,O3 inter-poly
capacitors with surface NH3 nitridation annealed at 800°C to 1000°C in O, ambient
under constant current stress. Al,Oj3 inter-poly capacitors with optimized 900°C PDA
can suppress electron-trapping and increase Qgp.
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under constant current stress. Al,Oj3 inter-poly capacitors with optimized 900°C PDA
can suppress electron trapping rate below 10,
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Fig. 7.7 Band diagrams of Al,O3 inter-poly capacitors with surface NHj; nitridation
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Fig. 7.8 (a) XPS binding energy spectrum (b) corresponding XPS binding energy
spectrum after arranging to the equivalent background signal for the O 1s and Al 2p
signals as a function of PDA temperatures with C 1s calibration at 284.5 eV. The
binding energy of O and Al signals is strongly dependent on PDA temperature.
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Fig. 7.10 Weibull plots of effective breakdown field of Al,O3 inter-poly capacitors
with surface NH3 nitridation annealed at 800°C to 1000°C in O, ambient.
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CHAPTER 8

Thickness Scaling and Reliability Improvement of

High-k IPD for Next Decade Stacked-Gate Flash Memories

8.1 Introduction

Recently flash market increases exponentially and especially mass storage
applications have took-off in addition to code storage area. In the coming decade, we
will be required to provide flash. technologies that-are compatible with embedded
DRAM read/write speed with high retention.-In order to meet the requirement, not
only to reduce leakage current through.inter-paly dielectric (IPD) and tunnel oxide,
but also to improve electric field and charge-to breakdown of the dielectrics. Previous,
we had presented the effects of surface NHjs nitridation and post-deposition annealing
temperature on reactive-sputtered Al,O3 IPD characteristics in Chapter 6 and 7,
respectively. However, even after process optimization, the breakdown charges of
Al,O3; IPD deposited by reactive sputtering are relatively low [22], [23]. In this
chapter, inter-poly dielectric thickness scaling and reliability characteristics are
studied on the Al,O3; and HfO, IPDs, and compared with TEOS IPD. Drastically
leakage current reduction and reliability improvement has demonstrated by replacing
TEOS IPD by high-x IPDs, which are suitable to apply for mass production in the

future.

-131-



Yeong-Yuh Chen’s Ph. D. Dissertation

8.2 Experimental Details

The n*-polysilicon/High-x 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
5x15cm2, 20keV, then activated with RTA at 950°C for 30s. Prior to the deposition of
high-k IPDs, Poly-1 was cleaned by the conventional RCA cleaning and diluted HF
etching in sequence for the removal of particles and native oxides, then subjected to
ammonia (NHj3) nitridation in the J.PCVD furnace at 800°C for 1lhour. Sub-10nm
Al,03 and HfO, IPDs was deposited either, by reactive sputtering (RS) in an Ar/O,
ambient at room temperature. or by .metal organic chemical vapor deposition
(MOCVD) with O, gas at 400°C: Post-deposition annealing of Al,03; and HfO, IPDs
was carried out by rapid thermal annealing at 900°C and 800°C, respectively, for 30s.
Subsequently, a 2000A top polysilicon layer (Poly-11) was deposited by LPCVD and
implanted with phosphorous at 5x15cm™, 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 Al,Os inter-poly
capacitor with surface NHj; nitridation and post-deposition oxygen annealing are
shown in Fig. 4.1 and 5.2, respectively. Tera-ethyl-ortho-silicate (TEOS) IPD

deposited at 700°C LPCVD followed by 900°C annealing was used for references.

The equivalent oxide thickness (EOT) was obtained from the high frequency
(100kHz) capacitance-voltage (C-V) measurement using a Hewlett-Packard (HP)

4284 LCR meter. Moreover, the physical thickness was estimated by high resolution
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transmission electron microscopy (HRTEM). The electrical properties and reliability
characteristics of the inter-poly capacitors were measured using a HP4156C
semiconductor parameter analyzer. Table 8.1 summarized the deposition conditions

and EOT of the various IPDs deposited either by LPCVD, RS or MOCVD.

8.3 Results and Discussions

Figure 8.1 plots leakage current density at Vg = 5V for various IPD candidates.
Leakage current density is increasing as EOT of IPD scaling down. Comparing to
TEOS IPD, RS Al,O3 IPD can reduce_leakage current density larger than 1 order of
magnitude in both polarities. Further leakage current reduction can be achieved by
changing RS Al,O3; IPD to MOCVD Al;O3and HfQO; IPD. Larger than 2 and 3 order
of magnitude leakage current reduction-comparing to TEOS IPD is expected by

alternative deposition instrument.

Breakdown voltage (BV) comparison between high-x IPDs and TEOS IPD is
shown in Fig. 8.2. As EOT scaling down, BV decreases. RS Al,O; IPD can provide
larger than 1V BV increment than TEOS IPD in both polarities, although the
improvement seems to vanish for EOT less than 5nm. Comfortingly, MOCVD Al,0O3
IPD exhibits larger than 10V BV, which is nearly twice of TEOS IPD. While adopting
to HfO,, BV can maintain larger than 6V as the EOT = 3.3nm regime. After
eliminating thickness effect, effective breakdown electric field (BEcg) is still higher
than TEOS IPD, presented in Fig. 8.3. BE. is extended to larger than 2 MV/cm and 8
MV/cm for RS and MOCVD Al,O; IPD, respectively. Both MOCVD Al,O3 and HfO2

IPD can stand for as high as 19 MV/cm breakdown field, which are enough to be
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applied for next decade flash memory.

In the dielectric reliability point of view, high-k IPDs also examine superior
charge-to-breakdown (Qgp), as drawn in Fig. 8.4. Our results indicate Qgp-value of
IPDs is strongly dependent on dielectric thickness. From percolation model [71], the
critical electron trap density is strongly dependent on the thickness and inherent
physical properties of the dielectric. Therefore, thicker IPDs exhibit higher breakdown
voltage and Qgp mean value, contribute to bulk-dominant dielectric breakdown in
both polarities. RS Al,O3 IPD reveals near 1-order of magnitude Qgp improvement
than TEOS IPD in both polarities. On the other hand, albeit that RS Al,O3 IPD can
tolerate higher Qgp than TEOS IPD, the maximum Qgp observed is only ~ 1 C/cm?,
which may be a another major challenge for RS Al,O3; IPD to be used to replace
conventional IPD. Insufficient Qgp becomes more severe as EOT scaling down due to
bulk-dominant dielectric breakdown, predicted by ‘percolation model. Fortunately,
Qsp can be drastically improved-by MOCVD-tool. The 63% failure Qgp of MOCVD
AlL,O3 IPD is about 5.5 C/cm? in positive polarity, which is near 1 order of magnitude
improvement comparing to RS Al,O3 IPD. Nevertheless, negligible Qgp improvement
is observed for negative polarity. Mechanism of significantly polarity-dependent Qgp
of MOCVD Al,03 IPD is unknown yet and need further inspection. For MOCVD
HfO, IPD, the calculated Qgp is relatively poor partially from thinner EOT than Al,O3
IPD. Breakdown voltage, effective breakdown field and Qgp values of the various

IPDs deposited either by LPCVD, RS or MOCVD are listed in Table 8.2.

Although the real mechanism for dielectric characteristics promotion of
MOCVD IPDs is not clear yet, one possible explanation is speculated from less defect
density and uniform thickness of MOCVD deposited dielectrics. Consequently, EOT

of IPD can be further scaled down to 3nm by HfO, IPD without degradation dielectric
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characteristics significantly, which is the thinnest EOT of IPD for stacked-gate flash

memory in our knowledge.

8.4 Summary

Previous, we had presented the effects of surface NHj3 nitridation and
post-deposition annealing temperature on reactive-sputtered Al,O3 IPD characteristics
in Chapter 6 and 7, respectively, and found an optimized 900°C PDA with surface
nitridation could significantly improve IPD reliability. However, even after process
optimization, the quality of Al,O3 IPD deposited by RS still can not meet the stringent
requirement due to relative low Qgpiiilm this chapter, dielectric characteristics
including, leakage current density, effective breakdown field and Qgp of Al,O3; IPD
are compared with LPCVD TEOS IPD.and-MOCVD Al,03 and HfO, IPD. The results
clearly indicate high-x IPDs, regardless of deposition tools, exhibits high potential to
replace TEOS IPD. Moreover, MOCVD deposition demonstrates significant
reliability improvement compared to RS deposition. The Qgp can be significantly
improved as well as reduced leakage current density, enhanced breakdown voltage
and effective breakdown field by using MOCVD replacing RS. According to the 2003
ITRS roadmap, the required low-field leakage current should be less than 1 mA/cm?
@ 5V [28]. Our results clearly demonstrate that as thin as 5nm and 3nm EOT of
MOCVD-deposited 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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Table 8.1 Deposition conditions and EOT of the various IPDs deposited either by
LPCVD, RS or MOCVD.

IPD Material Surface Nitridation PDA (°C) EOT (A)
TEOS without 900 65
RS Al,O3 with 900 47
RS Al,O3 with 900 53
RS Al;O3 with 900 63
MOCVD Al,O3 with 900 55
MOCVD HfO, with 800 32

Table 8.2 Breakdown voltage, effective breakdown field and 63%-failure Qgp values
of the various IPDs deposited either by LPCVD, RS or MOCVD.

BV (V) BEess (MV/cm) 63% Qgp (C/cm?)
IPD Material
positive | negative | positive | negative | positive | negative
TEOS 8.5 7.5 13.08 11.54 0.103 0.067
RS Al,O3 47A 5.6 5.9 11.9 12.55 0.159 0.619
RS Al,O3 53A 6.9 7.6 13.0 14.3 0.287 0.861
RS Al,O3 63A 8.2 8.9 13.0 141 0.554 1.151
MOCVD Al,0O3 10.4 10.6 18.9 19.3 5491 0.891
MOCVD HfO, 6.2 6.2 194 194 0.191 0.023
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CHAPTER 9

Conclusions and Recommendations for Future Works

9.1 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,”N atomic concentration is shown to
depend on the initial oxide thickness, i.e., with decreasing oxide thickness from 63A
to 22A, the N concentration inereases fram 2.12'to 4.45 at.% in the interface, which
was desired for the improvement of dielectric reliability in the ultrathin region.
NO-annealing can achieve better SILC immunity for both constant voltage and
constant current stress. Moreover, NO-annealing also improves interface smoothness
and results in tighter TDDB distribution. Even after process optimization in the future,
NO-annealing can be used to improve device performance more apparent, as
predicting in mind. As a result, NO-annealed nitrided oxides can improve dielectric

reliability and are suitable to replace traditional SiO, at 0.13um and beyond.

The dielectric properties and reliability characteristics of NIS nitrided oxides are
also investigated. An obvious oxidation rate retardation effect is observed for nitrided
oxides with nitrogen-implanted substrate. Dielectric property is strongly depended on
NIS dosage and post-oxidation annealing temperature. NIS dosage less than 1x10™

cm? is helpless to oxidation rate suppression and degrades dielectric reliability as well.
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On the contrary, samples with 1x10™ c¢cm™ NIS not only can use to grow multiple
oxide thickness to meet SOC requirement, but also improve stress immunity
apparently. Nitrogen implantation also generates a uniform distribution nitrogen
profile in the dielectric bulk, which can be used as an effective diffusion barrier to
resist boron penetration. NIS nitrided oxides could effectively suppress trap
generation and improve time-to-breakdown and charge-to-breakdown, also suitable to

reduce process steps of the SOC technology.

In order to realize high speed and low power operation of flash memory
technologies, devices with high coupling ratio are necessary. From MEDICI
simulation, Al,O3; IPD and HfO, IPD can increase gate-coupling ratio by 45% and
92%, respectively. By 2-D MEDICI simulation, flash memories with high-kx IPDs
clearly exhibit significant improvement in-programming/erasing speed over those with
conventional ONO IPD. Moreaver, it is found that high-« IPDs is more effective for
the memories programmed/erased with EN-tunneling rather than channel hot carrier
injection. Choosing HfO, as the IPD and using FN programming/erasing scheme, the
operating voltage can be reduced 48% at a typical program time of 10 us and 0.1 ms
erasing time. Therefore, Al,O3; and HfO, with medium high « value and sufficient
barrier height show the great potential for the application of high seed and low voltage
flash memories. Our results also show that dielectrics with very high permittivity (i« >

25) may not be necessary for the IPD in stacked-gate flash memories.

On the other hand, the effect of high-x TDs is quite different with high-x IPDs.
Due to the reduced gate coupling ratio, the programming/erasing speed of
stacked-gate flash memories with high-x TDs by using FN tunneling is helpless in
reduction operation voltage. On the other hand, the increased electric field on HfO,

IPD would produce excess charge loss and narrow the operation window between
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programmed and erased state. Although the electric field on high-k tunnel dielectrics
is lower than SiO, tunnel oxide, enhanced impact ionization rate and lower g
contribute to higher CHE injection current and efficiency. Consequently, high-k TDs
are only effective for the memories programmed/erased with hot electron injection
rather than FN tunneling. Due to the contrary improvement in programming/erasing
schemes, high-k IPDs and TDs are suitable for next-generation NAND- and

NOR-type stacked-gate flash memories, respectively.

Finally, the effect of NH3 nitridation of Poly-1 and PDA temperature on the
electrical properties and reliability characteristics of the Al,O3 inter-poly capacitors
are evaluated. With surface NHj; nitridation, the formation of an additional layer with
lower dielectric constant during post-annealing process can be significantly
suppressed and reduced the EQT to 4i6nm; compared to that without nitridation
treatment. Furthermore, the presence of a thin Si-N-layer can make post-deposition
annealing more effective in eliminating traps‘existing in the as-deposited films. As a
result, a smoother interface and smaller electron trapping rate can contribute to the
drastically reduced leakage current, enhanced breakdown field and Qgp of Al,O;
interpoly capacitors with surface NHj3 nitridation for both polarities. Moreover, 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
characteristic in terms of leakage current, electron trapping rate and
charge-to-breakdown. The XPS and AES analyses indicate that this consequence is
closely related to the compositional changes and excess oxygen concentration when
changing annealing temperature. The results apparently demonstrate Al,O3 IPD with
surface nitridation and optimized PDA temperature can effectively reduce charge

transfer between CG and FG, better retention and disturb characteristics are expected
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by replacing ONO IPD to Al,O; IPD. MOCVD Al,03 and HfO, IPD are investigated
in order to further promote Qgp of RS Al,O3; IPD. The Qgp can be significantly
improved as well as reduced leakage current density, enhanced breakdown voltage
and effective breakdown field by using MOCVD replacing RS. As thin as 5nm and
3nm EOT of Al,O3 and HfO, IPD is suitable to meet the requirement of 45nm and

32nm generation stacked-gate flash memories, respectively.

9.2 Recommendations for Future Works

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

reaction.

2. Further reduced surface roughness to-promote charge-to-breakdown value larger

than 10 C/cm?.

3. Alternative high dielectric constant candidates, including AION, HfSiO and

HfSION, etc.

4. Fully fabricated stacked-gate flash memories with high-x inter-poly dielectrics
and tunnel dielectrics to study the device characteristics, including program/erase

speed, retention time and charge loss mechanism.
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