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ABSTRACT

Memory cell capacitance is the crucial parameter which determines the sensing signal
voltage, speed, data retention times, endurance and against the soft error event. However, the
very large scale integration (VLSI) technology is continues down-scaling of the size of
capacitors to reduce chip size and the cost. It will decrease dielectric thickness and result in the
undesired leakage current. To solve this problem, the conventional silicon dioxide will be
replaced with high dielectric constant (high=i)'materials to increase the capacitance density and
degrade the leakage current. Besides, capacitors also desire both good data retention and

program-erasable capability for memory applications.

In this study, we demonstrate a programmable-erasable MIS capacitor with a single
high-x Hf3N,Os dielectric layer for many applications such as volatile DRAM and non-volatile
MONOS type memories. This device showed a capacitance density of ~ 6.5 fF/um?, low
program and erase voltages of +5 and -5 V, and a large AVy, memory window of 1.5V. In
addition the 25°C data retention was good, as in program and erase decay rates of only 2 and
6.2 mV/dec. In addition, we found a deep trapping level of 1.01~1.05 eV from measured J-V

characteristics. The electrodes displayed a Schottky barrier height of 0.69~0.7 eV.
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Chapter 1

Introduction

1.1 Motivation to study high-k dielectrics

The industry’s demand for greater integrated circuit functionality and performance at
lower cost requires an increased circuit density, which has translated into a higher density of
transistors on a wafer. This rapid shrinking of the transistor feature size has forced the channel
length and gate dielectric thicknessto also dectease rapidly. However, the scaling trend of
MOSFETs devices will produce‘the large leakage curtent due to thinner gate oxide [1.1]. To
reduce the leakage current related higher power consumption in highly integrated circuit and
overcome the physical thickness limitation of silicon dioxide, the conventional SiO, will be
replace with high dielectric constant (high-k) materials as the gate dielectrics beyond the
65nm technology mode [1.2]-[1.7]. Therefore, the engineering of high-k gate dielectrics have
attracted great attention and played an important role in technology pull for VLSI. Although
high-k materials often exhibit smaller band gap and higher defect density than conventional
silicon dioxide, using the high-k gate dielectric can increase efficiently the physical thickness
in the same effective oxide thickness (EOT) that shows lower leakage characteristics than

silicon dioxide by several orders without the reduction of capacitance density [1.3]-[1.6].



According to the ITRS (International Technology Roadmap for Semiconductor) [1.8], the
thickness of gate oxide has to be below 10A after 2008. Besides, the suitable gate dielectrics
must have k value more than 8 for 50-70 nm technology nodes and that must be more than 15
when the technology dimensions less than 50 nm. Fig. 1-1 shows the evolution of MOSFET
technology requirement.

As an alternative to oxide/nitride systems, much work has been done on high-x metal
oxides as a means to provide a substantially thicker (physical thickness) dielectric for reduced
leakage and improved gate capacitance. In the search of finding suitable high-k gate
dielectrics for use beyond oxynitride systems;. several approaches have been used in
fabricating potential materials candidates. To" find out the suitable high-x dielectrics are

significant task to the next VLSI generation.



1.2 Overview of high-k dielectrics

Many of the materials initially chosen as potential alternative gate dielectric candidates
were inspired by memory capacitor applications and the resultant semiconductor
manufacturing tool development infrastructure. The most commonly studied high-k gate
dielectric candidates such as Ta,Os, SrTiO3, and Al,O; which have dielectric constants
ranging from 10 to 80, and have been employed mainly due to their maturity in memory
capacitor applications. With the exception of Al,O;, however, these materials are not
thermodynamically stable in direct contact with Si [1.1]. Moreover, the oxides should
preferably be amorphous and able toswithstand processing at high temperatures of up to 1000
°C. The leading contenders are the Hf, Zr, and‘La oxides. However, these oxides are not good
glass formers like SiO, and they tend to'crystallize well below 800 °C. Silicates or aluminates
can be used instead of oxides as they crystallize much less easily, but at the expense of a
lower x [1.9].

The gate electrode in CMOS devices is traditional made of polysilicon. However, as the
technology down-scaling, device performance and reliability can be seriously degraded by the
intolerably high direct-tunneling leakage current, increased gate resistance, worsened
polysilicon gate depletion, and boron penetration [1.12]-[1.13]. To alleviate these problems, a
high dielectric constant (high-k) gate insulator and metal gate have been proposed to meet the

stringent performance requirement. For the high-x dielectrics, replacing the conventional



polysilicon gate electrode with metal gate has been proposed because of the interface
instability between the high-k dielectrics and polysilicon gate [1.10]. The work function (@,,)
of metal (in Fig. 1-2) play an important role for metal-gate/high-x MOSFET. The preferred
work function of the metals are ~5.1 eV for p-MOSFETs and ~4.2 eV for n-MOSFETs.
Refractory metal nitrides such as tantalum nitride (TaN) and titanium nitride (TiN) have been
extensively investigated as the potential solutions to replace poly-Si [1.11]. Tantalum (Ta) has
a work-function close to n" poly-Si. Tantalum nitride (TaN) is quite stable (to maintain
thermal stability up to a 1000°C RTA) because the activation energy of metal and nitrogen is
relatively low. Tantalum is bondedstightly within nitride and no diffuse was observed in
fabricated devices.

In conclusion, a systematic ‘consideration of the required properties of gate dielectrics
indicates that the key guidelines for selecting an alternative gate dielectric are (a) permittivity,
band gap, and band alignment to silicon, (b) thermodynamic stability, (c) film morphology, (¢)
interface quality, (e) compatibility with the current or expected materials to be used in
processing for CMOS devices, (f) process compatibility, and (g) reliability. Many dielectrics
appear favorable in some of these areas, but very few materials are promising with respect to

all of these guidelines. Fig. 1-3 summarizes the properties for high-«x candidates.



1.3 Hafnium-based dielectrics

Hafnium-based dielectrics, including HfO, [1.14]-[1.15], HfON [1.16]-[1.17], HfSiO
[1.18], HfSiON [1.19], HfAIO, and HfAION [1.20]-[1.22] have gained significant attention in
recent years as a replacement for SiO, in complementary-metal-oxide semiconductor (CMOS)
devices. Among them, HfO, is very promising for the next-generation gate dielectric of
MOSFETs, because of its high dielectric constant, excellent thermal stability, wide band gap,
and large band offsets. However, the high oxygen and impurities penetration and boron
diffusion into the gate dielectric should be suppressed to maintain low equivalent oxide
thickness (EOT), reduce flatband wvoltage fluctuation; and further it demonstrated a well
crystallized structure after annealing at low temperature around 500°C [1.23].

Several studies have focused.on the improvement of the thermal stability of high-k gate
dielectric to overcome the insufficient immunity to oxygen or impurity diffusion during the
subsequent thermal process. Those studies incorporated Al, Si, and N into Hafnium oxide to
form HfON, HfSiO, HfSiON, HfAlO, and HfAION respectively. Among them, HfSiON,
hafnium silicon oxynitride which was found to improve thermal stability further compared to
HfON. However, dielectric constants are reduced in HfSiON due to the presence of silicon
oxide bonds with much lower dielectric constant than HfO,. HfSiON with optimized
composition remained amorphous state up to 1100 °C whereas dielectric constant decreased

down to ~10. In terms of application, the HfSiON appears to be very promising materials for



the low power devices rather than high speed device requiring further scaling-down of EOTs
<10A in the near future. In conclusion, the addition of Al and Si has been known to retard
crystallization of HfO,, but the dielectric constant is degraded as the Al or Si content increases
[1.23]-[1.31].

Hf...yNxOy appears to be promising for further scaling-down of EOT since incorporated
nitrogen does not degrade dielectric constant of the film. Hf;_,.,N,O, showed a lower leakage
current than HfO,. Fig. 1-4 shows the leakage current of Hafnium oxynitride with different N,
flow rate conditions as depositing. It shows Hfj.,.yNxOy for N, flow rate at 50% almost 2 order
lower leakage current than HfO, aty*2V. The lower leakage current of Hf;,NO, can be
attributed to its thicker physical thickness to achieve a given EOT due to the higher dielectric
constants of bulk and interface layer compared to HfO,. (Dielectric constant of bulk for HfO,
and Hf\.,yNyOy are 19 and 22, and the dielectric constant of interfacial layer in Hf;_,N,Oy
~14 is larger than that of HfO, ~7.8) [1.23]-[1.31].

Nitrided films show improved thermal stability, inhibited crystallization, improved
electrical and dielectric properties, and decreased dopant, oxygen, and silicon interlayer
diffusion when compared to hatnium silicates. It was due to the atomic [N] could passivate [O]
vacancies in the gate dielectrics during nitridation process and remove electron leakage path
mediated by [O] vacancies. Thin film XRD with a glancing angle of 3° was used to

investigate crystalline of HfO, and Hf_,yN,Oy on Si substrates. Fig.1-5 depicts XRD spectra



of HfO, and Hfj_,.yNOy films which were annealed under N for 1 min at various temperatures
ranging from500°C to 950°C. Hf,.x,NxOy showed an increase of 300°C in crystallization
temperature compared to HfO,. It was due to Hf-N bond has higher thermal stability than
Hf-O bond. Although, recent reports have indicated that the nitrogen introduces energy levels
in the band gap of HfO,, thereby reducing the valence-band offset of the dielectric on silicon.
It concludes that both band gap and band offset of hafnium oxynitrides are reduced by a fixed
amount regardless of nitrogen concentration. However, these offsets result in barrier heights
that are still sufficient to make Hf;.«,NyOy a viable high-k for gate dielectric applications
while taking advantage of the improyved physical and electrical properties [1.23]-[1.31].
Although Hf|yNyOy crystallizes around~800°C. not high enough to remain amorphous
phase in the conventional self-aligned source/drain process, and reduce the band offset ,but it
provide higher scalability than HfSiON due to its higher dielectric constant ~22.Therefore, it
is worth further studying on the electrical and material characterization of Hf;.,N,Oy film

[1.23]-[1.31].



1.4 Scotty Emission and Pool-Frenkel Emission

Schottky Barrier:

The ideal energy band diagram for a particular metal and n-type semiconductor before

making contact is shown in Fig.1-6. The vacuum level is used as a reference level. The

parameter ¢ is the metal work function (measured in volts), ¢ is the semiconductor work

function, and y is known as the electron affinity. Now, we have assumed thatg, > ¢, . The
ideal thermal-equilibrium metal-semiconductor energy-band diagram can be observed, for this
situation. Before contact, the Fermi level to become a constant through the system in thermal
equilibrium, electrons from the semiconductor flow into the lower energy states in the metal.

Positively charged donor atoms remain in the semiconductor, creating a space charge region.

The parameter ¢,, is the ideal barrierheight of the semiconductor contact, the potential
barrier seen by electrons in the metal trying to move“into the semiconductor. This barrier is

known as the Schottky barrier and'is given,ideally by
Ps0 = (8, — 7) (1.1)

On the semiconductor side, V), is the built-in potential barrier, similar to the case of the pn

junction, is the barrier seen by electrons in the conduction band trying to move into the metal.

The built-in potential barrier is given by
Vii = @50 =9, (1.2)

which makes V), a slight function of the semiconductor doping, as was the case in a pn
junction. Fig. 1-6 shows Schottky barrier formed by contacting an n-type semiconductor with
a metal having a larger work function and Fig. 1-7 shows Schottky barrier between a p-type

semiconductor and a metal having a smaller work function [1.36].



If we apply a positive voltage to the semiconductor with respect to the metal, the
semiconductor-to-barrier height increases, while ¢,, remains constant in this idealized case.
This bias condition is the reverse bias. If a positive voltage is applied to the metal with respect
to the semiconductor, the semiconductor-to-metal barrier V,, is reduced while ¢,, again
remains essentially constant. In this situation, electrons can more easily flow from the
semiconductor into the metal since the barrier has been reduced. This bias condition is the
forward bias. We expect the current-voltage characteristics of the Schottky barrier junction to
be similar to the exponential behavior of the pn junction diode. The current mechanism here,
however, is due to the flow of majority carrier electrons. In forward bias, the barrier seen by
the electrons in the semiconductor is reduced, so majority carrier electrons flow more easily
from the semiconductor into the metal. The forward-bias current is in the direction from metal

to semiconductor; it is an exponential function of'the forward-bias voltage [1.32] .

Schottky Effect:

The Schottky effect or image force induced barrier lowering effect is due to an electron in a
dielectric at a distance x from the metal will create an electric field. The field lines must be
perpendicular to the metal surface and will be the same as if an image charge + e is located at
the same distance from the metal surface, but inside the metal. This image effects is shown in

Fig. 1-8. The force on the electron due to the coulomb attraction with the image charge is

4re, (2x) (1.3)
The potential can then be found as

—e

=+| Edx'=+ dx'=
I x'= fa,,g Ay " T6me x (14
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Where x' is the integration variable and where we have assumed that the potential is zero at

X =00,

The potential energy of the electron is —e¢(x); Fig.1-9 (a) is a plot of the potential energy
assuming that no other electric fields exist. With an electric field present in the dielectric, the

potential is modified and can be written as

l67e x (1.5)

The potential energy of the electron, including the effect of a constant electric field, is plotted
in Fig. 1-9(b). The peak potential barrier is now lowered. This lowering of the potential

barrier is the Schottky effect, or image-force-induced lowering.

We can find the Schottky barrier lowering;A@,-and the position of the maximum barrier,

x,, , from the condition that

dlegl®).
dx (1.6)
We find that
e
X =
" \16ze,E (1.7)
And

Ap= e (1.8)

This is so called Schottky effect or image force induced barrier lowering effect. The actual

10



energy barrier to emissionis ¢, _—A¢ [1.32].

Schottky Emission:

The current transport in a metal-semiconductor junction is due to mainly to majority
carries as opposed to minority carriers in a pn junction. The basic process in the rectifying
contact with an n-type semiconductor is by transport of electrons over the potential barrier,
which can be described by the thermionic emission theory [1.32].

The thermionic emission characteristics are derived by using the assumptions that the
barrier height is much larger than 77, so that thé:Maxwell-Boltzmann approximation applies
and that thermal equilibrium is not affected by-this-process. The current J_,, is the electron

current density due to the flow of €lectrons from semiconductor into the metal, and the current

J. . 1s the electron current density due to the flow of electrons from the metal into the

m—>s
semiconductor. The subscripts of the currents indicate the direction of electron flow. The
conventional current direction is opposite to electron flow.

The current density J is a function of the concentration of electrons which have

Ss—>m

x-directed velocities sufficient to overcome the barrier. We may write
J, = eIE, v.dn (1.9)
Where E'is minimum energy required for thermionic emission into the metal, v, is the

carrier velocity in the direction of transport, and e is the magnitude of the electronic charge.

11



The incremental electron concentration is given by

dn=g.(E) f

(EME

(1.10)

Where g.(E) is the density of states in the conduction band and f#(E) is the Fermi-Dirac
probability function. Assuming that the Maxwell-Boltzmann approximation applies, we may

write

%
4;{2 m ) =
h—3”1 [E-E. exp{%}a%

dn =
(1.11)

If all of the electron energy above E. is assumed to be kinetic energy, then we have

lm:v2 aE=F"
2 (1.12)

The net current density in the meétalsto-semiconductor junction can be written as

J = S e (1.13)

which is defined to be positive in the direction from the metal to the semiconductor. We find

that
J= {A*T2 exp(mﬂ{exp(ﬂj - 1}
KT KT (1.14)
where
x72
g = M
h (1.15)
_ lzo(mw J
o (1.16)

The parameter 4* (A/em’K?) is called the effective Richardson constant for thermionic

12



emission. We can although change the expression in another form

E
- Q(¢Bo - 4 1 J
Jo, = AT? il 1.1
sE = exp " (1.17)

Pool-Frenkel Emission:

Pool-Frenkel effect is also possible conduction mechanism and in fact it is observed very
often in all high-x materials. This mechanism is appearing with field enhanced electron
emission from Columbic centers, i.e. it is bulk-limited [1.33].

The Pool-Frenkel emission is dug:to, fieldsenhanced thermal excitation of trapped electrons
into the conduction band. For trap states with coulomb potentials, ignoring the effect of finite
temperature and image-force-induced barrier-lowering [1.34], the expression is virtually

identical to that of the Schottky emission. The barrier height, however, is the depth of the trap

potential well, and the quantity 4 s larger than in the case of Schottky emission by a
g,

factor of 2, since the barrier lowering is twice as large due to the immobility of the positive

charge. Fig.1-10 illustrates the Pool-Frenkel emission.

E
- q[¢t - 1 J
i} e &,
Jpr =B Eexp

kT

L ] (1.18)

where

13



B"=gNcu (1.19)

¢ 1s the energy level of trapping center.

Pool-Frenkel emission occurs more often than not while depositing oxide by PVD or

CVD methods because of the more defects in the insulator [1.35].
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Dielectric  Band gap AE. (V) Crystal

Material constant (k) E (eV) to Si structure(s)
S10, 39 8.9 3:2 Amorphous
Si3N, 7 = | 2 Amorphous
Al O, 9 8.7 2.8% Amorphous
Y,0, 15 5.6 23°  Cubic
La,0O, 30 4.3 2.3¢% Hexagonal, cubic
Ta,05 26 4.5 1-1.5 Orthorhombic
TiO, 80 3.5 1.2 Tetrag.® (rutile, anatase)
HIO, 25 o 1.5% Mono.?, tetrag.®, cubic
ZrO, 25 7.8 1.4* Mono.?, tetrag.®, cubic

Fig.1-3 Comparison of relevant properties for high-« candidates.
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Fig.1-5  Thin film XRD spectra with a glancing angle of 3° as a function of PDA

temperature for HfO, and Hf;_,N,Oy films on Si substrates[1.23].
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having a larger work function: (a) band diagrams for the metal and the

semiconductor before joining; (b) equilibrium band diagram for the junction.
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Fig.1-7 Schottky barrier between a p-type semiconductor and a metal having a smaller work
function: (a) band diagram before joining; (b) band diagram for the junction at

equilibrium.
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(b)

Fig.1-9 (a) Distortion of the potential barrier due to image forces with zero electric field;

(b) with a constant electric field.

23



77777
N

\_

Metal Insulator Silicon

Fig.1-10 Pool -Frenkel emission from trapped electrons.

24



Chapter 2

The Experimental Steps and Measurement

2.1 Fabrication of MIS capacitors

The MIS capacitor used a standard 4-in P-type silicon wafer (100) as the substrate, and
following RCA clean processes. Fig. 2-1 shows the steps of RCA clean in detail. After
standard pre-gate clean, an 30nm Hf.,.yN,Oy dielectric was deposited with high N, flows by
DC sputtering of Hf target in Ar + No'+0O, mixedigas ambient at a sputtering power of 150W.
The total gas pressure was kept ds 7.6 mTorr during the sputtering process. The dielectric was
then Post Deposition Anneal (PDA) at 650°Cfor 30s under N, ambient to reduce defects. A
TaN layer was deposited by PVD and then gate patterned by photo lithography to form top
electrode with capacitor area of 100um x 100 um. Finally, TaN/ Hf;_.,NsOy/silicon stacked
metal-insulator-silicon (MIS) capacitors were fabricated. The processes of MIS capacitors is

shown in Fig. 2-2 ~ Fig. 2-10. For comparison, we also fabricated Al,O3 and Si3Ny4 capacitors.
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2.2 The measurement of MIS capacitors

To investigate the electrical characteristics of devices, we measured the /g-Vg curves for
gate leakage current by using HP 4156C semiconductor parameter analyzer. Besides,
HP4284A precision LCR meter was used to evaluate the gate capacitance and the conductance
ranging from 100 kHz to 1 MHz. For memory measurement, the fabricated MIS devices were
characterized by program and erase measurements, as well as retention tests at 25°C and
100°C using an HP4156C Semiconductor Parameter Analyzer and HP8110A 150 MHz Pulse

Pattern Generator.
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Fig.2-1

DI water rinse, 5 min.

H,S0, : H,0,=3:1, (10 min, 75~85°C)

DI water rinse, 5 min.

HF : H,O=1:100

DI water rinse, 5 min.

NH,OH : H,0, : H,O =1:4:20 (SC1), (10 min,75~85C)

DI water rinse, 5 min.

HC1 : H,O,: H,O =1:1:6 (SC2), (10min, 75~857C)

DI water rinse, 5 min.

HF : H,O = 1:100

K.

DI water rinse.

L.

Spinner

The RCA clean steps.
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Fig.2-2  Silicon substrate.

Fig.2-3 RCA Clean.
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Fig.2-4 Deposited Hf}.,.yNOy dielectric.

PDA 650°C 30s

222222

Hf_\N,Oy

Fig.2-5 Post Deposition Annealing.
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Fig.2-6 Photoresist and Lithography.

Hf . ,N, O,

Fig.2-7 Lithography Patterned.
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Fig.2-8 Deposited TaN by PVD.

Fig.2-9 Fabricated MIS capacitors.
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I HP 4156

Fig.2-10 IV and CV measurement.
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Chapter 3

Result and Discussion

3.1 Memory characteristics of Hafnium oxynitride capacitors

We first determined the N composition in the Hf;.,NyOy. Fig. 3-1 shows the XPS
spectra of Hf;«,N,Oy. The existence of Hf, N and O are clear in the XPS spectra, where the
composition was determined to be Hf3N,Os Fig. 3-2 shows the measured C-V characteristics
of a high-k HfsN,Os MIS capacitor.,sWe found aslarge C-V hysteresis of 1.9 to 2.4 V as the
sweep voltage was increased from £3 to +5 V This suggests that the charge trapping
characteristics of the Hf3N,Os dielectric are better.than those reported for AIN [3.5], and it is
likely due to a higher trap density and/or a deeper energy of those traps.

Fig. 3-3 shows the characteristics of a high-k Hf3N,Os capacitor after applying +5 or -5V
voltage for 0.1 to 100ms. The positive or negative shift of the threshold voltage (Vu),
corresponding to a +5 or -5V applied voltage, indicates that the device can be programmed or
erased, respectively. These phenomena are similar to non-volatile Flash or SONOS
memory[3.1]-[3.4]. The devices showed a capacitance density of 6.5 fF/um?’, which indicate a
K value of ~22 for the HfsN,Os. The high capacitor density is important for backend capacitor
due to the very thick equivalent oxide thickness (EOT). The capacitor density of
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TaN/Hf3N,0s/Si device is also higher than those SONOS capacitors [3.2]-[3.4]. Fig. 3-4
displays the ¥y, shift as a function of the program/erase time. The| V| increases with P/E
time, as does AVy, with increasing P/E voltage. This suggests that the V;, shift mechanism is
caused by charge trapping and indicated the good charge storage. We found a switching speed
of ~ 1 ms, due to the rapid increase of Vy, between 0.1 to 1 ms and the approximate saturation
for times from 1 to 100 ms. From the Vy, shift for P/E conditions of £ 5 V for 1ms, a memory
window of 1.5 V was measured which is larger than that of an AIN device [3.5] and is
comparable with certain SONOS NVM [3.6] data. In addition, the feature of nearly
symmetrical positive and negative Vg for program and erase function is important for low
voltage applications.

For comparison, we also méasured the C-V.characteristics of high-k Si3N4 and ALO;
capacitors, shown in Fig. 3-5 and Fig. 3-6. For Si3Ny4 capacitor, only a few mV Vy, shift is
shown after applying voltages of = 4 V, which suggests shallower trap energy or lower trap
density in the Si3Ny4. The larger hysteresis of C-V curve indicates the stronger carrier trapping
(high density and/or deeper energy of traps) in the Hf3N,Os device than that of Si3N4 capacitor.
For Al,O; capacitor, Vy, increases continuously after applying a negative voltage as high as
-8V. Therefore, no erase function is shown, even after applying a higher negative voltage
close to device breakdown. It may be due to increasing trapping negative charges in the
high-k dielectrics. The Vy, change of Al,Oj; capacitors after applying +4V is similar to the
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hysteresis found in high-x dielectrics, which is due to dielectric traps. A higher trap density is

needed to achieve a higher Vy, change, and the C-V shift values are much larger than SizNy.

This result suggests a higher trap density inside the Al,O3 dielectrics compared with SizNy.

This is also the motivation to replace Si3N4 by Al,O3 in MONOS or SONOS memories [3.2]

[3.3] [3.7].

Data retention is one of the most important characteristics for memory applications. Fig.

3-7 shows the retention characteristics of an Hf;N,Os MIS capacitor at 25 and 100°C,

measured after £ 5 V and 1 ms P/E, for periods from 1 to 10000 s. The data of an AIN MIS

capacitor are included for comparison. The retention data indicates Program and Erase decay

rates of only 2 and 6.2 mV/dec,at 25°C. At 100°C; the decay rates increased to 104 and 116

mV/dec. Such decay rates are still .comparable with the 85°C data of advanced SONOS or

MONOS NVM [3.2] [3.6] devices. Moreover, the retention of this Hf3N,Os device is

significantly better than that of an AIN MIS capacitor which had a closed memory window at

10000 s at 100°C. Further improvement is required to extend the high temperature retention,

although these results are already useful for DRAM improvement.
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3.2 Energy barrier and trap energy level

In order to investigate the trap energy, we measured the J-V characteristics. Fig. 3-8
showing measured J-V curves from 25 to 85°C. The J-V characteristics fit theoretical models
for Schottky emission (SE) at low electric field and Frankel-Pool (FP) conduction at high
voltages [3.8]. The model expression is simply [3.8]:

J ac exp[(YE"2-qop)/KT] (3.1)
where @y or ¢ are the Schottky barrier of the metal-electrode/dielectric or the FP trap energy
level in the dielectric, respectively. The slope y can be expressed as:

Y= (q3/1’]7t80Kw) (3.2)

The constant n has a value 1 or 4 for the FP-and SE cases respectively. In (3.2) g is the
vacuum permittivity, and k. is the high-frequeney dielectric constant (= n’; n being the
refractive index).

To extract the Schottky barrier ¢y, we have plotted the ln(J/T2 )-E"? relation [3.8] in Fig.
3-9. A ¢, of 0.70 eV was obtained for the lower Hf3N,Os/Si interface from a fit of eq. (3.1) to
the measured In(J/T" )-EI/ ? data. This value is, coincidently, close to the 0.69 eV value
extracted for the upper TaN/Hf3N,Os interface.

To extract the trap energy, we have plotted the /n(J/E)-1/kT relationship [3.8]in Fig. 3-10.
This gives extracted trap energy of 1.05 eV for current injection from the lower Hf3N,Os/Si
interface. This value reduces to 1.01 eV for current injection from the top TaN/Hf3N,Os
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interface, as shown in Fig. 3-11. The slight energy difference may be due to the background
moisture and pressure transients at the beginning of reactive sputtering which could result in
slightly higher oxygen content in the HfNO.

In Fig. 3-12 we summarize the band diagram of the TaN/Hf;N,Os/Si MIS structure. The
barrier height of 0.7 eV is significantly less than that of HfO, due to the high content nitrogen
in the HINO [3.9]. It is important to notice that the trap energy of Hf3N,Os is 1.01~1.05 eV
below the conduction band of Hf3sN,Os. Such a deep trap energy (within the Si forbidden gap)
is vitally important for good data retention due to a lack of allowed states within the Si
bandgap — this also explains the large;€C-V hysterésis shown in Fig. 3-2.

In conclusion, we have fabricated the TaN/Hf3N,0s/Si MIS capacitors which displayed a
high capacitance density of ~6.5.fF/um’* and a large C-7 hysteresis necessary for charge

storage. Measured J-V characteristics indicated a deep trapping level of 1.01~1.05 eV.
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3.3 The applications of MIS capacitors

For analog and RF [3.10]-[3.15] ICs and memory applications, capacitors with a high
capacitance density are preferred. It is also desirable to have a program-erasable capability.
This is especially important for RF ICs where process variations can shift the resonance
frequency of LC tank away from designed values, creating impedance mismatches and
bandpass frequency differences [3.16]. In addition, the high-x Hf3N,Os capacitor has the high
capacitance density of ~6.5fF/um?. Such a high capacitance density is importance for analog
and RF applications [3.17]-[3.20] to reduce the chip size. This capacitance density is 5~6
times larger than capacitors currently. ‘provided by IC foundries, and would yield a 5~6 times
smaller capacitor area in the circiiit of a die.

For one-transistor-one-capacitor (1T1C) volatile memory like DRAM, this high density
(6.5fF/um®) Hf;N,Os capacitor can be programmed and erased with voltage of +5V and -5V
for = Im sec. The mechanism for this may be charge trapping or de-trapping in the
high-trap-density Hf3N,Os. The retention data decay rates were only 2 and 6.2 mV/dec of
program and erase at 25°C. This is already better than volatile DRAM. The charge loss in a
DRAM capacitor is a serious issue, where high capacitance density and frequency refreshing
i1s needed around each 1ms, but due to the limited availability of high-k dielectrics this
becomes difficult as devices are scale down. As a result, program and erasable capacitors can
extend the data retention for DRAM leading to less refreshing cycles.

38



The Hf3N,Os capacitor has the large C-V hysteresis of 1.9 to 2.4 V as the sweep voltage

was increased from 13 to £5 V (shown in Fig. 3-2), which is similar to SONOS or MONOS

memories. It is already larger than other dielectrics in flash memories due to its deep trapping

level of 1.01~1.05 eV. Besides, it also has large dielectric constant k ~22. So, it is suitable to

use Hf3N,Os as trapping layer in SONOS or MONOS type flash memories.
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Fig.3-1  XPS spectra of Hfl_x_yNXOy, where-composition of Hf;N,O, was determined from

measurement.
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Chapter 4

Conclusion

We have demonstrated a program-erasable high-x HfsN,Os MIS capacitor for many
applications such as DRAM and Flash memories. The programmed charges can be erased by
a low operation voltage of -5V for 1ms. The other merits of this capacitors includes good data
retention for 10* sec which can extend long memory time, a high capacitance density of ~6.5
fF/pum’® can reduce the chip size, and a large C-V hysteresis necessary for charge storage. So,
this program-erasable high-k Hf;N->Os capacitor, with good data retention would provide an
alternative solution to volatile and nonvolatile memories.

We also compared the trapping ‘capability with SisN4 and Al,Os. Only a small C-V shift
was shown in the Si3Ny4 capacitors which suggest shallower trap energy or lower trap density
in that. The measured C-V characteristics of Al,O3 capacitors was observed continuously
increasing Vg, and could not be erased by negative voltage. It may be due to increasing
trapping negative charges in the high-« dielectrics. At the end of the discussion, we measured
J-V characteristics and found a deep trapping level of 1.01~1.05 eV by theoretical models for
Schottky emission (SE) at low electric field and Frankel-Pool (FP) conduction at high
voltages.

In conclusion, we have fabricated the TaN/Hf;3N,0Os/S1 MIS capacitors which displayed a
52



high capacitance density of ~6.5 fF/um?, a large C-V hysteresis, a good data retention

property and a deep trapping level of 1.01~1.05 eV.
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