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Abstract

In this thesis, we use HfAIO as the dielectric layer in MIM capacitors. HfAIO films with
two different Al percentages were deposited. The Al percentages are 10% and 14.7%. The
thickness of samples is divided into three kinds of thickness: 15nm, 25nm, and 35nm. The
capacitance density is 13.6 fF/um’ with 10% Al content and the dielectric constant is about 23
at 3V and IMHz. The capacitance density is 11.3 fF/um’ with 14.7% Al content and the
dielectric constant is about 19.5. The lower Al percentage is (Hf content is higher), the higher
capacitance density is. The capacitance density meets the requirement of 2013 ITRS. The
leakage current densities of the samples with 15nm-thick HfAIO and 10% and 14.7% Al
content are 1.88x10™ and 1.72x10™® (A/cm?) at 1V bias, respectively. The leakage current

mechanism is identified to be Ohmic Conduction at low electric field, Schottky Emission

ii



Conduction at moderate electric field, and Frenkel-Poole conduction at high electric field.

The lowest parabolic voltage coefficient of capacitance (VCC-a) in this thesis is about
259(ppmvy'V?) with Al content of 14% Al content and thickness of 35nm. A physical model
considering the pre-existing border traps was proposed to account for the VCC-a. From the
frequency and electrode bias voltage dependences the spatial and energy distribution from Si
substrate surface and from HfAIO conduction band edge could be extracted, respectively. The
orders of the magnitude of the extracted border trap volume densities are around 3x10"
(cm”eV™), which have positive correlation with the VCC-a. Increasing the Al content can
reduce the trap density and the VCC-a.. The limitations of detectable space and energy depth

of the physical model are also discussed briefly.
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Chapterl

Introduction

1.1 Historical Perspective

On-chip integration of components is an enabling technology for system level integration
of wireless devices. Some approaches for capacitor and resistor integration taking advantage
of doped silicon and poly-silicon are readily available in standard Bi-CMOS technology
platforms. These approaches have performance limitations at GHz-frequencies primarily due
to the parasitic capacitance between the passive elements and the silicon substrate. To
overcome such  deficiencies many RF Bi-CMOS  manufactures now  offer
metal-insulator-metal (MIM) capacitors with lower parasitic capacitance through the
increased dielectric thickness between the capacitor and the substrate [1-1].
According to the latest International Technology Roadmap for Semiconductors (ITRS) [1-2],
radio frequency and analog/mixed-signal technologies for wireless communication require
capacitors with a capacitance density higher than 4fF/um’ from year 2009 (Table 1- I). For
oxide and silicon nitride in conventional MIM capacitors, their viability faces great challenges

due to their low dielectric constants (k~3.9 for SiO,, ~7 for SizN4). As we know, the



relationship between capacitance density and thickness is: C = 2, where C is the capacitance
density, d present the dielectric thickness, and € is the dielectric constant. Therefore, to
increase capacitance density for higher circuit density, either thinner dielectric or higher
dielectric constant material is better choice. However, leakage current and reliability issues
limit the aggressive dielectric thickness scaling down. Therefore, high dielectric constant
(high-k) materials seem to be an unavoidable choice. This requirement can be achieved even
by using insulators with a dielectric constant higher than 57, and considering the present
dielectric thickness of around 30 nm (the capacitance density is about to 16.8 fF/um?).
Material such as Ba, Sr, Ti, and Ta based oxide exhibit high dielectric constant values of 60 or
above if crystallized by a high temperature annealing [1-3]-[1-4], which is however unrealistic
in the backend of the line process. Instead, amorphous dielectrics such as Al,Os3, Ta;Os, and
HfO, (Table 1- D)[1-5] have recently been investigated for MIM capacitor application
[1-6]-[1-9]. Considering their high dielectric constant of 9 to 25, the dielectric thickness of
these materials could be reduced to thinner than 20nm in order to meet the requirement for
high-density bypass capacitor application. Use of thin dielectrics will however cause other

problems such as leakage current.

1.2 Present issue of Mental-Insulator-Metal capacitor



However, there are still many challenges result from using high-k material as insulator.
These challenges include voltage linearity Fig. 1- 1 [1-11]), capacitance density dependence
of temperature, frequency dispersion, and leakage current.

The voltage linearity of metal-insulator-metal capacitors is expressed by voltage
coefficient of capacitance (VCC) obtained from a second order polynomial equation of C(V)=
Co(aV+BV+1), where Cy isthe capacitance at zero bias and « and B represent the quadratic
and linear VCC, respectively [1-10], as determined by using a second order polynomial curve
fitting to the measured data. The mechanism of VCC dependence remains under study.
Several explanations have been given, such as the presence of traps near the mental-insulator
interface [1-15], the occurrence of free carrier space charge relaxation [1-16], or the
nonlinearities of the metal-oxygen bond polarizability [1-17].

Moreover, the capacitance density of capacitor using high-k material shows a strong
frequency dependence (Fig. 1- 1 [1-11]). These results are contrast to the MIM capacitors
with Si0; as dielectric. They show no frequency dependence and minimal VCC effects with
bias. Low leakage current is also an essential requirement within the normal circuit bias

conditions.

1.3 Motivation

It has been reported that HfAIO has good thermal stability (up to 1000°C) [1-12], high



dielectric constant (k=10~25) [1-13], low interface state density (comparing with pure HfO,)
[1-12]. In this work, we use HfAIO as the insulator in MIM structure. We expect that the
capacitance density and leakage current will meet the present requirement. Titanium nitride
(TiN) 1s extensively to be used in MOSFET technology. Therefore, we use TiN as the top and
bottom metal electrode in this work.

Furthermore, the capacitance degradation behavior of a single capacitor has not been well
characterized. Besset et al. [1-14] depicted the MIM capacitance variation under electrical
stress. There is a new model proposed by W. H. Wu [1-18]. On MIS structure (using high-k
material), we found similar phenomenon: the capacitance increases with the decrease of
frequency. On MIM structure (using high-k material), the capacitance increases at low
frequency and higher bias. We supposed that the nonlinearity of the metal-insulator-metal also
results from pre-existing trap near the interface between electrode and high-k layer. An

improved model is proposed in this thesis.

1.4 The Organization of This Thesis

The organization of this thesis is briefly described below. Chapter 1 depicts the historical
perspective to explain the VCC phenomenon and the motivation of this thesis. Chapter 2
describes the process flow of the MIM capacitors and the methods of electrical and material

analysis. In Chapter 3, we discuss the electrical characteristic of HfAIO MIM capacitor and



the leakage current mechanism. Also, we compare the VCC behavior of the samples with

different AL:Hf ratios and we use the improved model to find out the spatial and energy

distribution of the pre-existed trap density which result in voltage nonlinearity. We also

discuss the limitation of the improved model. Chapter 4 summarizes the conclusions and

contributions of the thesis, and provides some suggestions for future works.



Table 1- I The requirement for RF device according to ITRS[1-2]

Year of production 2008 2009 2010 2011 2012 2013

RF

Metal-Insulator-Metal capacitor

Density (fF/ um®) 4 4 5 5 5 7

Voltage linearity (ppm/V?) | <100 <100 <100 <100 <100 <100

Leakage (A/em?) <le-8 | <le-8 |<le-8 |<le-8 |<le-8 |<le-8

Table 1- II Summarized material and electric properties of several high- k gate

dielectrics [1-5].

Bandgap Conduction Thermal stability
Dielectric Dielectric constant
(eV) band offset on 5i substrate
Si0» 3.9 9 35 -1050°C
S13Ny 7 5.2 24 =1050C
AbLO; ~10 8.8 2.8 ~1000°C
Ta,O5 25 4.4 0.36 Not stable
La;O5 ~21 6* 2:3
GdyO5 ~12
Y-,0; ~15 6 23 Silicate formation
HfO, ~20 6 1.5 ~950C
Z10, ~23 5.8 1.4 ~900C
SrTiO; 3:3 ~0.1
Z1S104 6%* L5
HfS104 6* L5
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Fig. 1- 1 DC bias dependence of normalized capacitance (/AAC/Cy) at 100 KHz and 1 MHz for

13-nm and 43-nm laminate MIM capacitors. [1-11]



Chapter2

Experimental Procedure

2.1 Device Fabrication

The starting material was 4-inches, (100)-oriented, and boron doped p-type silicon wafer
with a resistivity of 0.0008 Q-cm. Because the Si wafers were used to support the MIM
structure, their quality is not important and control wafers were used. Wafers were cleaned by
the standard RCA clean process to remove particles and metal ions, and followed by HF-dip
to remove chemical oxide. Then the bottom electrode of 10nm thick TiN layer was deposited
with TiCly as precursor at 350°C by a plasma enhanced atomic layer deposition (PEALD)
system. After bottom electrode deposition, HFAIO was also deposited by PEALD at 300°C.
The reactants are HfCL, AI(CH)s, and H,O. HfAIO films with two different Al percentages
were deposited. For each kind of HfAIO film, there are three different thicknesses: 15nm,
25nm, 35nm. The thickness and Al percentage were controlled by the deposition cycle number.
Sample ID and HfAIO conditions were listed in Table 2- 1. The top electrode was deposited in
the same PEALD chamber as the bottom electrode. Finally, we deposited 20nm thick Pt film
by sputtering method through a shadow mask with radius of 150um in circle. To divide the

pattern, we use SC1 to etching back the top TiN film. Finally, we deposited Al in the backside



of wafers in order to increase the electric conductivity. The process flow and schematic

cross-sectional drawings were shown in Fig.2-1.

2.2 Material and Electrical Analysis

The Hf:Al atomic ratio was analyzed by inductively-coupled-plasma mass-spectrometer
(ICP-MS). The thickness of films and interfacial details were investigated by transmission
electron microscope (TEM).

For electrical measurement, the leakage current-voltage characteristics were measured by
a semiconductor parameter analyzer of model Agilent 4156C. The capacitance-voltage
characteristics were measured by a precision impedance meter of model Agilent 4284A at

frequencies varied from 1K to 1M Hz. The amplitude of the ac signal is 25mV.

2.3 Physical Models

As we know, the typical used parallel circuit model in Agilent 4284A is a resistance
shunt with an ideal capacitor (shown in Fig.2-2(a) [2-1]). In our device, because of leakage
current and unavoidable parasitic resistance, the simple parallel model resulted in an
unreasonable capacitance due to the incorrect equivalent circuit under high frequency. Several

equivalent circuit models have been proposed in these years [2-2]-[2-5]. In this work, we use



the five-element circuit model [2-1], which considers both the static and dynamic dielectric
energy losses and parasitic components such as the substrate resistance and cable/system
inductance. This five-element circuit model could be simplified as another two four-element
circuit models to reduce the calculations, depending on the leakage current [2-1]. The
proposed model is shown in Fig.2-2(b) [2-1]. In this five-element circuit model, C, is the ideal
dielectric capacitance, R, is the shunt resistance due to gate leakage current, tan ¢ is the loss
tangent due to dielectric energy absorption, R is the series resistance due to substrate and
contact resistance, and L is the series inductance due to extension cables and the probing
system. The formula used to correct the capacitance using two-frequency-method is:

2

C = (@22 _mll)(Glz "‘‘2’12(:';;13)((‘1'21 Fy wzchz )
@12&); [Cpl(GE; + Qz;cpzz)_ C,, (612 +@,C, ")l

2-1)

, where C, is the correct capacitance, ® is the measured frequency, G is the conductance, and

C, 1s the measured capacitance.

It has been reported that the capacitance of the HfO, MIS structure decreases with the

increase of measurement capacitance as shown in Fig.2-3. After correction, similar to the

HfO, MIS capacitor, the phenomenon of the decreasing capacitance with increasing frequency

is observed in our MIM capacitors. In this work, we use HfAIO as dielectric layer. It is

supposed that there must be something like border traps exist in the dielectric layer [2-6]-[2-7].

Following the physical model about border trap proposed by W. H. Wu, we made some

10



modification and adapt it to our MIM structure. We reduced the dielectric layers to a single

layer, i.e., ignoring interfacial layer, the Ny, formula can be simplified as:

22w’ (¢, —qex)? dC,
gA h dIn(f)

N, (x)= (cm>eV™) (2-2)

,where x is the tunneling distance from the bottom electrode, m is the electron effective mass
in HfAIO, &, is the conduction band barrier height of HfAIO, q is the elementary charge, &
is the electric field, f is the measured frequency, 7 is the Planck constant, and A is the area
of electrode. Also, we can extract the trap energy depth and the tunneling distance by the

formula as followed:

1 F4 1 4
=— lg—| (¢ 1q)?* -1 /
X - ¢./qg—|(9.19) n(4f1'0) e (2-3)

and

E =¢ —qex (2-4)

, where x is the tunneling distance from the bottom electrode, m' is the electron effective mass
in HfAIO, &, is the conduction band barrier height of HfAIO, q is the elementary charge, &
is the electric field, f is the measured frequency, 7 is the Planck constant, A is the area of
electrode, and 1 is the tunneling time constant pre-factor which is relative insensitive to the
tunneling distance and trap energy depth, and it is assumed to be 10™° sec for the charge
exchange[2-1]. From the above formulas, the frequency and gate bias voltage dependences

could be transformed into the relationships of the tunneling distance from the electron

11



injection electrode and the trap energy depth from HfAIO conduction band edge. Based on the

physical model of elastic direct tunneling through trapezoidal potential barriers, the space and

energy distribution of border traps of HfAIO capacitor could be profiled as a 3D-mesh.
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Table 2- 1 Sample ID and HfAIO conditions.

Sample Number

Al:Hf

atomic ratio

Thickness (nm)

1 15
2 1:8.7 25
3 35
4 15
5 1:5.8 25
6 35
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Fig.2-1 Process flow and schematic cross-sectional drawings of the TiN/HfAIO/TiN

MIM capacitors.
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Fig.2-2 (a) Typical parallel circuit model in Agilent 4284A (b) Five-element circuit

model proposed by W. H. Wu [2-1].
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(b) TiN/HfO,/SiO,/n-Si MOS capacitor
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Fig.2-3 Capacitance-voltage curves of the TiN/HfO,/Si10,/n-S1 MOS capacitor

measured and corrected at various frequencies [2-1].
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Chapter3

Analysis of HTAIO MIM Capacitor

3.1 Introduction

HfAIO has attracted much attention because of its high thermal stability, wide band gap,
and low leakage current [3-1]-[3-2]. However, it is also known that the MIM capacitors with
high-k dielectric have strong voltage and frequency dependence on capacitance. These effects
result in characteristic degradations of analog/mixed-signal circuits. At present, the cause of
the voltage and frequency dependence in high-k MIM capacitors has not been clarified yet. In
some reports, this behavior is related to the existence of interface traps which induce charges
with different time constants and modulate the capacitance at certain frequencies [3-3]-[3-5].
However, the trap density and distribution have not been reported.

In this thesis, we proposed a modified model to extract the trap density, tunneling
distance, and trap energy depth of the MIM capacitors with HfAIO dielectrics. Also, the basic
electrical characteristics including leakage current mechanism and voltage coefficient of
capacitance (VCC) will be investigated. The limitation of the modified model will be

discussed in this chapter.
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3.2 Material analysis

Fig. 3-2 shows the cross-sectional TEM micrographs of the TiN/HfAIO/TiN MIM
capacitors. The thicknesses of dielectric layers are very close to what we estimated from the
deposition rate and deposition cycles. The about 0.7nm thick interfacial layer at the TiN/Si
interface is native SiO, grown before TiN deposition due to the high doping concentration of
the degenerate Si substrate. This layer may increase the series resistance of the MIM
capacitors so that capacitance correction must be performed. The TiN thickness is not so
accurate. What important is that no interfacial layer is observed at both the TiN/HfAIO and
HfAIO/TiN imterfaces. The inductively coupled plasma mass-spectrometer (ICP-MS) analysis
identified that the Al/Hf atomic ratios of the two kinds of HfAIO films are equal to 1: 8.7 and

1:5.8.

3.3 Analysis of Capacitance Dependence on Voltage and
Frequency
The capacitances were measured from -3V to 3V at 1K, 10K, 100K, 500K, and 1M Hz.
In order to eliminate the influences of parasitic components on the measured capacitance, all
of the measured capacitances were corrected by the two-frequency C-V correction method
using the five-element circuit model proposed by W. H. Wu [3-6]. Fig. 3- 3 compares the

original and corrected capacitances. The parasitic parameters extracted at 3V and IMHz from
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the samples with 15nm-thick HfAIO and Al:Hf=1:8.7 are tan3=0.0448, R=29Q), R,= 2x10''Q,
and L~=60uH. These values are in the reasonable range. Table 3-I lists the capacitance density
of all of the 6 samples calculated from the corrected capacitance measured at 3V and 1MHz.
According to the 2007 ITRS, radio frequency and analog/mixed-signal technologies for
wireless communication require capacitors with a capacitance density higher than 4fF/um? at
year 2009. In our work, the capacitance density of all the 6 samples achieves the goal. The
dielectric constant of the film with AI:Hf=1:8.7 is 23, and that of the film with AL:Hf=1:5.8 is
19.5. The higher Hf content is, the higher the dielectric constant is. Furthermore, the
capacitance density is almost linearly dependent on the film thickness, which indicates that
the interfacial layer is negligible.

The voltage coefficient of capacitance (VCC) is one of the important parameters for
analog circuit application since high level of charge variation would result in the data loss and
signal distortion [3-7]. Fig. 3- 4 shows the voltage linearity property of HfAIO MIM
capacitors with applied voltage at various frequencies after capacitance correction. The
capacitance of the MIM capacitor can be fitted by
C=C,(aV?+pV+1). G- 1)
Here, a is the quadratic VCC (ppmy/V?), B is the linear VCC (ppm/V), C; is the capacitance at
zero bias voltage, and V is the bias voltage. These two VCC parameters can be determined by

using a second order polynomial curve fitting to the measured data.
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Fig. 3- 4 (a)-(f) depicts that the VCC-a is lower when the measured frequency is higher.
In general, frequency dispersion is believed to be related to the existence of traps at
electrode/dielectric interface. Different traps induce charges with different time constants and
modulate capacitor charges strongly at certain frequency. Therefore, VCC-a is low at higher
frequency because the induced charges are unable to follow the quick ac signal. In addition,
VCC-a is known to be conversely proportional to the logarithmic dielectric thickness and this
relationship has been demonstrated recently [3-8]-[3-10]. This trend is confirmed in our
samples as shown in Fig. 3- 5. Capacitance density is inversely proportional to the thickness,
and VCC-a is also inversely proportional to the thickness. That means capacitance density is
in direct proportion with VCC-a. The VCC-a versus capacitance density are shown in the
inset in Fig. 3- 5. In a word, higher Hf content will result in higher capacitance density, and

will cause higher VCC-a.

3.4 Leakage current mechanism

The current densities of the TiN/HfAIO/TiN MIM capacitors are shown in Fig. 3-
6(a)-(b). The current density at 1V bias and 25°C of the AL:Hf=1:8.7 samples with dielectric
thickness of 15nm, 25nm, and 35nm is 1.88x10% 6.67x10°, and 2.37x10° (A/cm?),
respectively. The current density of the AL:Hf=1:5.8 samples with dielectric thickness of

15nm, 25nm, and 35nm is 1.72x10%, 1.88x10”, and 7.9x10™'° (A/em?), respectively. All of 6
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samples meet the requirement of leakage current in 2007 ITRS [3-11].

To identify the leakage current mechanism of the TIN/HfAIO/TiN MIM capacitors with
different ratios, Schottky emission (S-E) mechanism was examined at first. It is well known
that the S-E mechanism, which the leakage current is electrode-limited and contributed by the
carriers those overcome the barrier height between the electrode and the dielectric, has a

linear In(J/T%)-E" relation as depicted by eq. (3- 2) and (3- 3)[3-12][3-13].

) yE? —@,
J=AT" exp o (3-2)

¢
_ 3-3
4 |:47T80K00 } (3-3)

, where A* denotes the Richardson constant, k is the Boltzmann’s constant, T is the absolute
temperature(K), E is the applied external electric field, q is the electron charge, g is the
permittivity in vacuum, K., is the high-frequency dielectric constant [3-3] (=n’, where n is the
refractive index), and , is corresponding to the barrier height between metal/dielectric. We
have plotted In(J/T*)-E"* curves for TiN/HfIO/TiN MIM capacitors in Fig. 3- 7. The good
linearity indicates that the leakage current is dominated by the S-E mechanism as the voltage
is in the range of 0.3V-3V. The slope is the almost the same, and is independent on thickness.
This indicates identical electrode/dielectric interface property. The Schottky barrier height (yy)
calculated from the intercept in Fig. 3- 7 is about 0.9-0.96eV. This value is lower than the

ideal barrier height of 2.1eV. To clarify if the Schottky Emission is the actual current transport
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mechanism, we also examine the trap-assisted-tunneling (TAT) mechanism [3-14]. According

to the TAT mode, the current-voltage characteristics can be expressed as :

4./2gm
g~ exp(—#ﬂ% / E) (3-4)

Fig. 3-9 Fig. 3-1 shows the In(J;)-1/E plot. The calculated ¢, (10° eV) indicates that the
leakage current at medium field can not be fitted by the TAT model. It is thus suspected that
the low Schottky barrier height () is due to Fermi-level pinning, image force, surface states,
and so on.

At very low field, the leakage current increases linearly with the increase of voltage bias
as shown in Fig. 3-9. This linear relationship presents an ohmic conduction mechanism,
which describe the thermal excitation of trapped electrons from one trap to another at low
electric field [3-15].

To investigate the leakage current mechanism of the MIM capacitors at higher electric
field, the In(J/E) versus E'” plots with Al:Hf=1:8.7 and Al:Hf=1:5.8 are shown in Fig. 3-10.
The Frenkel-Poole (F-P) conduction mechanism, which is a bulk-limited current and
controlled by the detrapping of the electrons from the trap centers to the conduction band of

the dielectric. The F-P effect can be described as by Eq. (3-5) and Eq. (3-6)[3-16, 3-17],

YE? —q,
J = BE exp(——~ 3-5
xp( T ) (3-5)
¢
— 2 3-6
14 (ﬂgoKoo) (3-6)

23



, where B is the constant, T is the absolute temperature(K), E is the applied external electric
field, q is the electron charge, € is the permittivity in vacuum, K. is the high-frequency
dielectric constant. Good linearity indicates that the leakage current is dominated by F-P

tunneling at high electric field.

3.5 The trap density extracted from the improved physical model

Compared with the similar phenomenon that the capacitance dependence on frequency in
MOS capacitors in W. H. Wu’s paper [3-6], we got the surmise that the pre-exist traps (named
border traps) may also cause the capacitance dependence on frequency and applied voltage in
MIM capacitors.

The capacitance measured at low frequencies increase with the decrease of measurement
frequency and the increase of applied voltage (as shown in Fig. 3- 4). The capacitance at low
frequencies could be explained by proposing a frequency- and voltage-dependent border trap
capacitance Cy in parallel with the ideal dielectric capacitance Cy as shown in Fig. 3- 11 [3-6].
The border traps in high-k dielectrics could be detected by low-frequency capacitance-voltage
(C-V) measurement, and this border trap capacitance is highly related to the measurement
frequency and applied voltage.

Now, we begin to extract the border trap in the TiIN/HfAIO/TiN samples. First, we drew

the energy band diagram as shown in Fig. 3- 12. Then we use the following modified
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formulas to extract the border trap density.

2
L |

xzé b /q-|(@.19)" —In(

41z, 3he S

E =¢ —qgex (3-8)
o2 (b —gex)?  dC

N, (x) = m (9. —gex) — (emeV) (3-9)

gA h dIn(f)

, where x is the tunneling distance from the bottom electrode, m' is the electron effective mass
in HfAIO, &, is the conduction band barrier height of HfAIO, q is the elementary charge, &
is the electric field, f is the measured frequency, 7% is the Planck constant, A is the area of the
top electrode, and 1 is the tunneling time constant pre-factor which is relative insensitive to
the tunneling distance and trap energy depth, and it is assumed to be 10"° sec for the charge
exchange[3-6]. In our samples, m'=0.32m, [3-18], the ideal @ (the barrier height of
HfAIO/TiN) is 2.2eV, which is obtained from the conduction band offset between Si and
HfAIO (1.95 eV) [3-19], the Si electron affinity (4.05¢V) and TiN work function (4.3eV)
[3-20]. Fig. 3- 13 shows the space and energy distribution of border trap volume density Nt
(cm”Ev™") in the TIN/HfAIO/TiN MIM capacitor. The tunneling distance seems to be always
larger than 0.7nm, and the detectable trap energy depth is very deep. These limitations will be
discussed in the next section. The Ny extracted at positive and negative bias from top
electrode show almost the same energy and spatial distribution. It is reasonable because the

MIM capacitor structure is symmetrical. The spatial distribution of Ny saturates at a distance
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of 1.2nm away from the electrode/dielectric interface. It is reasonable because traps density in
bulk should be constant. However, the closer to the interface is, the lower Ny is. This is not
easy to understand. It may be a particular phenomenon in the narrow range of trap energy
level.

Table 3- II lists the approximate Ny of the 6 samples at the distance range of
1.2nm-1.5nm. We could figure out that the higher Ny, existed in the dielectric is , the more
serious voltage nonlinearity (VCC- ) will be. Furthermore, the Ny, in W. H. Wu‘s paper [3-6]
is about 1x10"°~1x10% em™ eV, which is much higher than Ny in this work (1x10"
cm”Ev"). We evaluate that the sample in [3-6] shows more serious voltage dependence and
frequency dispersion (shown in Fig. 3- 14). The VCC-a. is about 1x10° (ppm/V?) , which is 2
orders of magnitude higher than the VCC-a of our TIN/HfAIO/TiN samples. This observation
responds to our inference. The samples with higher Al content exhibit lower Ny. This is
consistent with the observation that Al can eliminate shallow traps in HfAIO film [3-21].
Because the dielectric thickness is not very thin and the detected Ny, is not very shallow, the
Nyt should be independent of the dielectric thickness. However, the extracted Ny slightly
decreases as the dielectric thickness increases. This phenomenon might be attributed to the
annealing effect during film deposition because thicker film experiences longer deposition

time.
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3.6 Limitation of the modified Physical model

In this section, we will discuss the limitations of the modified physical model. From the

%
tunneling distance formula: ,_ 1 6. 1q—| (4 /q)%_ln(L)/ﬂ (3-7), we can
e’ ‘ 41z, 3he

observe that the higher frequency will detect trap nearer the TiN/HfAIO interface. It is
because the higher frequencies make the ac signal jump in and out quickly as shown in Fig. 3-
15. But in this thesis, we only measured the highest frequency up to 1M Hz due to the
frequency limitation of Agilent 4284A precision LCR meter. We can observe that the
tunneling distance is also dependent on the work function of the electrode. By mathematic
method, when using higher work function-material as the electrode, the extracted tunneling
distance will be nearer the TiIN/HfAIO interface. To comprehend deeply, we modulate the
work function and the measured frequency to detect the shallower tunneling distance. We
fixed electric field and change the work function as 5.3, 4.3, and 3.3eV. The details were
showed in Fig. 3- 16 . In conclusion, to detect the border trap nearer the interface, we have to
measure at higher frequency or change higher work function-material as the electrode.
Furthermore, to detect the shallower trap energy depth (E;), we can increase the applied
electric field, which might cause breakdown. So, it is tradeoft between shallower energy depth

and the breakdown happening.
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Table 3-1 The capacitance density with different Al/Hf ratio and thickness.

Capacitance 15nm 25nm 35nm
density (fF/um?)
Al:Hf=1:8.7 13.6 7.87 6.07
Al:Hf=1:5.8 11.3 7.7 5.03
Table 3- I The approximate Ny and VCC- a of all samples.
Ratio Thickness | Np; (cm™eV™) Npe (cm~eV?) VCC- a (ppm) at
Bottom Interface | Top Interface 1KHz
AL:Hf=1:8.7 | 15nm ~2x10" ~2x10" 1549
25nm ~1x10" ~1x10" 556
35nm ~Tx10' ~7x10'6 360
AL:Hf=1:5.8 | 15nm ~1x10" ~1x10" 1519
25nm ~9x10' ~9x10'° 541
35nm ~6x10' ~6x10' 309
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©)

Fig. 3-2 The TEM images of TIN/HfAIO/TiN MIM capacitors with(a) Al:Hf=1:8.7,

15nm-thick (b) AL:Hf=1:8.7, 25nm-thick(c) Al:Hf=1:8.7, 35nm-thick (d)

ALHf=1:5.8, 15nm-thick (e) A:Hf=1:5.8, 25nm-thick (f) Al:Hf=1:5.8,

35nm-thick.
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Fig. 3- 3 Comparison of the original and the corrected C F characteristics with (a)-(f)

ALLHf=1:8.7 and Al:Hf=1:5.8 TiN/HfAIO/TiN MIM capacitors with

dielectric thickness :15nm, 25nm, 35nm at 3V.
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Fig. 3- 4 VCC- a0 versus voltage characteristics of A:Hf=1:8.7 and Al:Hf=1:5.8 with

dielectric thickness :15nm, 25nm, 35nm at 3V.
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Fig. 3- 5 (a)Thickness dependence of VCC- o for the MIM capacitors with

Al:Hf=1:8.7. The inset shows VCC- o dependence on capacitance density

(b)Thickness dependence of VCC- a for the MIM capacitors with

Al:Hf=1:5.8. The inset shows VCC- a dependence on capacitance density.
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Fig. 3- 6 (a) Typical J-V characteristics of the MIM capacitors with Al:Hf=1:8.7 (b)
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Fig. 3- 7 (a) Schottky emission fitting of TIN/HfAIO/TiN capacitors with Al:Hf=1:8.7

(b) Schottky emission fitting of TIN/HfAIO/TiN capacitors with AL:Hf=1:5.8.
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Fig. 3-8 Trap-assist tunneling (TAT) model fitting of the TiN/HfAIO/TiN capacitors

with AL:Hf=1:8.7. The slope at the linear region gives a¢, value of 10° eV.
This unreasonable value indicates that the current transport is not dominated

by the TAT mechanism.
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Fig. 3-9 (a)-(f) Ohmic conduction fitting of 15nm, 25nm and 35nm-thick

TiN/HfAIO/TiN capacitors with Al:Hf=1:8.7 and AL:Hf=1:5.8.
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Fig. 3-10 (a)-(f) Fenkel-Poole conduction fitting of 15nm, 25nm and 35nm-thick

TiN/HfAIO/TiN capacitors with Al:Hf=1:8.7 and AL:Hf=1:5.8.
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Fig. 3- 11 The border trap capacitance in parallel with the ideal capacitance
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Fig. 3- 12 Schematic band diagram of the TiIN/HfAIO/TiN MIM capacitor biased at

top electrode with illustration of tunneling distance and carrier energy

coordinates.
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(cm”eV™) of all samples at forward and reverse bias.
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Chapter4

Conclusions

4.1 Summary

HfAIO has attracted much attention because of its high thermal stability, wide band gap,
and low leakage current. The higher Hf content is, the higher capacitance density is. However,
higher Hf content results in higher leakage current. It is a trade-off between capacitance
density and leakage current density. In this thesis, we have two Al : Hf atomic ratios of 1:8.7
and 1:5.8. The dielectric constant is 23 for the HfAIO film with AL:Hf=1:8.7 and 19.5 for the
HfAIO film with AL:Hf=1:5.8. The corresponded capacitance densities are 13.6 and 11.3 fF/
w m?, respectively. The capacitance density achieves the ITRS requirement of a RF capacitor
in 2013. The leakage current densities of 15nm-thick HfAIO film with Al:Hf=1:8.7 and
Al:Hf=1:5.8 are 1.88x10™® (A/cm?) and 1.72x10™® (A/cm?) at 1V, respectively.

It is known that the MIM capacitors with high-k dielectric have strong dependence of
capacitance on voltage and frequency. The effect of dielectric thickness, work-function of
electrode, and film compositions on the parabolic voltage coefficient of capacitance (VCC-a)
was investigated in this thesis. The VCC- ¢ in this thesis are 300(ppm/V?) (Al:Hf=1:8.7,

35nm-thick) and 259 (ppm/V?) (Al:Hf=1:5.8, 35nm-thick). Furthermore, a physical model

63



considering the pre-existing border traps was proposed to account for the VCC-a.. From the
frequency and electrode bias voltage dependences the spatial and energy distribution from
TiN surface and from HfAIO conduction band edge could be extracted, respectively. The
orders of the magnitude of the extracted border trap volume densities are around 3x10"
(cm”eV™), which have positive correlation with the VCC-a. Increasing the Al content can
reduce the trap density and the VCC-a.. The limitations of detectable space and energy depth
of the physical model are also discussed briefly. To detect the border trap nearer the interface,
higher frequency or higher work function electrode are preferred. To detect shallower energy

traps, higher work function electrode is preferred.

4.2 Future works

The high dielectric constant material in MIM capacitors was investigated for a long
time. The most important challenge for RF capacitors is the voltage nonlinearity. The
other mechanisms of the voitage nonlinearity may be existed. In this thesis, we also
found that the VCC-a has proportional relationship with the capacitance density. It is
tradeoff between the VCC-a and the capacitance density. Therefore, to find a high
dielectric constant material with small VCC properties or combine negative VCC
material such as SrTiO; are both good research directions.

To support the modified physical model, other kinds of high dielectric material and
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different metals as the electrode might be used.
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