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Abstract

With advanced research for dielectrics including capacitors in DRAMs, de-
coupling filters in microcircuits and insulating gates in transistors, a lot of
demand for the new challenging of high- 4 materials in semiconductor indus-
tries has been emerged. This study explores and addresses the experimental
approach for composite materials with one of the major concerns of high ca-
pacitance, and low leakage, as well as ease of integration technology. The
characteristics of Al,O; supported HfO, (AHO) thin films for a series of dif-
ferent Hf ratios with ALOs dielectrics by atomic layer deposition demonstrated
as a candidate material. A composite AHO films with the homogeneous com-
positions of Al and Hf atoms into the Al-Hf-O mixed oxide system could sta-
bilize the polycrystalline structure with increasing of dielectric constant (k)
and decreasing of leakage current density, as well as a higher breakdown vol-
tage than HfO, film on its own. 70 nm thick AHO thin films with different
composition of Al and Hf contents were prepared by atomic layer deposition
technique on titanium nitride (TiN) and silicon dioxide (SiO,) coated Si sub-
strates. Photolithography and metal lift-off technique were used for the device
fabrication of the metal-insulator-metal (MIM) capacitor structures. AHO
films on TiN/SiO,/Si were measured by semiconductor analyzer and source/
measure system with probe station in the voltage range from —5to 5 V with a
frequency range from 10 kHz to 1 MHz were used to conduct capacitance-
voltage (C-V) measurements with low/medium frequency range and current-
voltage (I-V) measurements. It was found that Au/AHO/TiN/SiO,/Si MIM
capacitors demonstrate a capacitance density of 1.5 - 4.5 fF/um? at 10 kHz, a
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loss tangent of 0.02 - 0.04 at 10 kHz, dielectric constant of 11.7 - 35.5 de-
pending on the composition and a low leakage current of 1.7 x 10~ A/cm? at
0.5 MV/cm at room temperature. The acquired experimental results could
show the possibility of compositional alloy thin films that could potentially
replace or open new market for high-k challenges in semiconductor technol-

ogy.
Keywords

High- k Dielectrics, Hafnium Oxide, Aluminium Oxide, Composites, Thin
Film Capacitors, Atomic Layer Deposition, Microfabrication

1. Introduction

With the continuous improvement of integrated circuit (IC) design, the research
of high-k (high dielectric constant) materials has received considerable attention
[1]. For microelectronics industry, it is necessary to have high performance and
low cost devices, so the number of devices on single chip is very important. At
the same time, the size of devices is required to be smaller [2] and the miniaturi-
zation of complementary metal-oxide-semiconductor (CMOS) field-effect tran-
sistors has inspired a major push to study alternative gate oxide materials with
higher dielectric constants and replace silicon dioxide (SiO,) [3] [4] [5]. Due to
the existence of quantum tunneling effect, when the photolithography linewidth
is less than 0.1 pum, the gate oxide layer thickness gradually approaches the atomic
spacing, resulting in unacceptable leakage current and thermal loss [6]. There-
fore, high-k materials are introduced to replace the traditional gate dielectric
SiO,. It is ensure that the gate dielectric layer has enough physical thickness while
maintaining and increasing the gate capacitance, to solve the leakage current
caused by direct tunneling.

Binary metal-oxide dielectrics with high dielectric constant have recently been
gaining exponential interest, performing a leading role in the replacement of
gate dielectrics for CMOS devices. Hafnium oxide (HfO,) is technologically im-
portant material due to its high dielectric constant (£ = 20 - 25), high bulk mod-
ulus, great thermal stability, high melting point, low crystallization temperature,
high chemical stability on the surface of Si, and moderate band gap (5.5 - 6.0
eV). The trade-off, however, is its fundamental problems that is particularly re-
lated with the poor thermal stability, undesirable crystallinity, poor interface
with Si, high interface state density, high leakage current, and high oxygen diffu-
sion through the HfO, that need to be resolved for CMOS application [7] [8] [9].
On the other hand, aluminium oxide (AL,O;) has a good insulate properties, rel-
atively large bandgap (E;~8.8 eV), band alignment likeness to SiO,, attractive
thermal stability, excellent chemical stability, high mechanical strength, high elec-
tric field strength, reduction of oxygen transport, high-temperature resistivity,

and high conduction band offset to semiconductor substrates, but it has strug-
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gled with relatively low dielectric constant (&~9) [10] [11] [12] [13] [14].

Recently, several research groups have studied the substitution of aluminum
into binary high-4 materials to decrease leakage current levels and improve the
thermal stability. The naturally combined Al,O; and HfO, in the form of alloy
and/or layered structures have been investigated as alternative high-4 materials
and its possibly achievable lower leakage current and large bandgap characteris-
tics depending on the mixture ratio [15]-[21]. However, Al inclusion in HfAL,Oy
has also been reported in the fixed or narrow range of concentrations indicating
relatively complicated crystalline structures and causing a poor electrical prop-
erty with low & value. Laminated structure of HfO,-AlLOs has also been reported
for different research, all of them were showing excellent leakage characteristics
and good device reliability [12] [13] [14]. Following the demand of dielectric
layers, thermal stability, structural and electrical properties of the modulated
HfO,/ALOs films fabricated with various deposition technique have previously
investigated by many other groups. However, it has been reported in the fixed or
narrow range of compositions, the complicated crystalline structures, the poor
descriptions for experimental process and the relatively low electrical property
with unclear composition. It seems to be valuable to study the composite of Al-Hf-
O system to improve the electrical properties of high-k dielectric materials,
which is one of the promising strategy in further miniaturization of microelec-
tronic components.

In this report, we taking aim at the growth of ALO; supplemented HfO,
(AHO) thin films with a different aluminum and hafnium compositional range
on Si substrates by atomic layer deposition (ALD) technique and the experi-
mental investigation of compositional effect on their structural and electrical
properties of thin film capacitors. The measurement of capacitance as function
of DC voltage at low/medium frequency range and leakage current as function
of electric field amplitude is carried out. The investigation of structure and sur-
face morphology with different Al and Hf concentration is also performed to
support the optimum electrical properties of composite films and the improve-
ments of performance for the next generation of metal-insulator-metal (MIM)

capacitors.

2. Materials and Devices Fabrication

The deposition of AHO thin films were grown on 500 pm thick silicone single
crystal substrates with ALD system (PICOSUN™ R-200 Advanced). Before
AHO film deposition, 500 nm thick SiO, was deposited directly on Si substrates
by Plasma Enhanced Chemical Vapor Deposition (PECVD) after removing of
native oxide on the Si sur-face using dilute hydrofluoric acid (HF) containing
Buffered Oxide Etch (BOE) solution for 2 minutes. For bottom electrode, tita-
nium nitride (TiN) with the thickness of 50 nm was deposited at 400°C by Plas-
ma-Enhanced ALD (PEALD) on SiO, (500 nm)/Si substrates, using TiCl, as Ti

precursor and NHj; as N plasma gas. The plasma power and NH; gas flow rate
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were 2500 W and 150 sccm, respectively. Subsequently these substrates were
kept in the ALD chamber without vacuum break for immediate next deposition
step.

AHO thin films were grown at 370°C with a background pressure of 200
mTorr by thermal ALD process on TiN(50 nm)/SiO»(500 nm)/Si substrates us-
ing trimethyl aluminium (TMA) as Al precursor, tetrakis dimethyl amino haf-
nium (TDMAHY) as Hf precursor, and water vapor (H,O) as O, precursor.
Four AHO composite film samples were prepared using alternating TMA-H,O
(ALO;) and TDMAH{f-H,O (HfO,) reaction cycles for the control of different
composition, where all deposition started with ALO; to improve the interface
quality [22]. The control of composition was carried out by pulsing one ALO;
sub cycle every one, two, three, or four HfO, sub cycles. The total number of su-
per cycles was varied in the range from 110 to 300 and adjusted by calculated
growth rate of individual ALLO; and HfO, depositions to keep a similar thickness
level. Detailed information about deposition conditions are summarized in Ta-
ble 1.

The thickness of as grown films were determined by surface profilometer
(Bruker DektakXT) with the growth rates of 0.12 - 0.14 nm/cycle. Scanning Elec-
tron Microscopy (SEM) with cross sectional samples were used to double check
the thickness of all layers which has no significant variations of deposition rates.
Optimum growth recipes for AHO composite films by ALD deposition was based
on the individual ALO; and HfO, growth conditions, which are summarized in
Table 2.

Photolithography and metal lift-off technique were employed for the fabrica-
tion of a complete electrode patterns directly on AHO films to define MIM ca-
pacitors. AHO film samples were cleaned using acetone within an ultrasonic vi-

brator for 5 minutes, then rinsed in isopropanol (IPA) and de-ionized (DI)

Table 1. ALD deposition conditions of AHO films.

Sample Composition (At %) Sub cycles Super Growth Rate
Al Hf ALO:; HfO, cycles (nm/cycle)
AHO[1/1] 63 37 1 1 300 0.12
AHO[1/2] 43 57 1 2 200 0.14
AHO[1/3] 33 67 1 3 140 0.13
AHO[1/4] 21 79 1 4 110 0.13

Table 2. ALD deposition conditions of AL,Os and HfO: films respectively.

Sample Temperature (°C)

Carrier Gas (sccm) Pulse (s) Purge (s)

TMA TDMAHf H.O TMA  TDMAHf H.0 TMA  TDMAHf H.O

ALO; 370 150 - 200 0.1 - 0.1 4.0 - 6.0
HfO, 370 - 100 150 - 1.6 0.1 - 5.0 1.0
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Au/Ti
(140nm)

water, and finally dried with nitrogen to remove atmospheric dust and conta-
mination. Cleaned sample should be prebaked at 110°C for 2 minutes for drying
of water vapor. Optionally the sample was placed in an HMDS (Hexamethyldi-
silazane) environment for 2 minutes to make good adhesion between film and
photoresist layer. Photoresist (Clariant AZ5214F) with a thickness of ~1.4 um
was spin-coated on the top surface of AHO/TiN/SiO,/Si samples with the speed
of 4000 rpm for 30 s and then baked on a hot plate at 95°C for 1 minute to act as
a photosensitive polymer and pattern exposure. Maskless Aligner (Heidelberg
Instruments MLA150) system was used for UV lithography with a dose of 170
mJ/cm? and a wavelength of 405 nm. After exposure, the pattern was developed
at room temperature for 50 s in a solution composed of developer (Microposit
351) and DI water with the ratio of 1:5. The sample was rinsed with DI water for
30 s to stop the development and clean the sample surface followed by N, blow-
ing for sample dry. Ion Beam Etching (IBE) was used for the opening of bottom
electrode with a 2 um thick photoresist mask before lithography process. The
etching rate of AHO film was approximately 30 nm/min.

The metal deposition was performed by electron-beam evaporation (Explorer
Coating System, Denton Vacuum) under high vacuum conditions of 2 x 1077
Torr. The electrodes consisted of a thin layer of Ti (10 nm) acting as an adhesive
layer between thin film and top electrodes covered by a thicker layer of Au (130
nm) that has its high conductivity and oxidation resistance. In the lift-off process,
the sample was put in an ultrasonic acetone bath for about 10 minutes, thereafter
rinsed in isopropanol for about 3 minutes and DI water, and finally dried with
nitrogen to remove the resist and unwanted metal. The diameters of top elec-
trodes were in the range of 100 - 500 um in any individual device. The pattern
for electrical characterization consists of an array of circular electrodes for MIM

capacitor structures is shown schematically in Figure 1.

3. Measurements

AHO thin film with different composition was measured by Energy-Dispersive
X-ray Spectrometer (EDX) to confirm elemental distribution (atom %) of Al, Hf
and O, on multi-mode Scanning Electron Microscopy (SEM, Car/ Zeiss Gemini
300) with optional EDX detector (RemCon32/RS232). EDX spectra can classify

1. 500 pm thick Silicon Substrates. 2. PECVD 500 nm thick SiO,,

AHO (70nm) 3. PEALD 50 nm thick TiN at 400 °C. 4. Thermal-ALD AHO films at 370 °C.

TiN (50nm)

Figure 1. Schematic of sample structure and device fabrication process.

5. Evaporate Au(130nm)/Ti(10nm)

as top metal.
M si [ sio, [ TN
I AHO Au/Ti
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minerals based on the mineral stoichiometry and produce mineral map. Addi-
tional scan modes and image processing allowed flexible analysis and ability to
target areas and phases of interest. Subsequently, the surface morphology of
AHO thin film was examined by atomic force microscope (AFM) on Dimension
Icon (Bruker iCON) operated in scanning non-contact mode. The physical
thickness of each AHO thin film was measured with surface profilometer and
was found to be approximately 70 nm. X-ray diffraction (XRD) measurement
with 6-268 scan was performed in the areas of AHO thin film to get the informa-
tion about crystalline orientation of the material in the growth direction de-
pending on the different sub cycles of HfO,. Empyrean multi-purpose X-ray dif-
fractometer (Malvern Panalytical) with the wavelength of the incident Cu-Ka
radiation source, equal to A = 1.54056 A (40 kV, 30 mA). The 6-26 scan was
performed over of wide angular range from 20° to 80" with 0.04° steps and a 20 s
counting time.

To qualify the dielectric properties in vertical capacitive MIM structure, the
capacitance (C)-voltage (V) and current (I)-voltage (V) characteristics were
measured by programmable Semiconductor Analyzer (Keysight B1500A) and by
Precision Source/Measure system (Keysight B2912A), respectively. Measure-
ments were done connecting the TiN plain bottom electrode as the ground and
the Au top electrode as the biasing. Various DC bias voltages from =5 Vto 5V
was applied to the vertical capacitive structure using the microprobe in the
probe station (FormFactor MPS150) with the internal bias tees of Semiconduc-
tor analyzer. Measurements were carried out with a continuous voltage ramp
and each different frequency (10 kHz, 50 kHz, 100 kHz, 500 kHz, and 1 MHz),
where current was measured at the end of each voltage step. A single expression
for the capacitance of infinite flat capacitors C = ge.(A/d), where the €0 is the
permittivity of vacuum (g, ~ 8.854 x 107> F/m), A is the area of the capacitor,
and d is the distance between the capacitor electrodes, was employed for the
calculation of relative dielectric constant (e,). Real capacitance consists of the
ideal capacitance component and the conductive component which can be ex-
pressed as a dielectric loss (tand = G/wC). Thus the dielectric loss has close rela-
tionship with leakage current in the capacitor structure and characterized by loss
angles as well as by capacitance. Good dielectrics quoted as a figure of merit of
capacitor since the loss angles are very small and nearly constant over a wide

range of frequencies.

4. Results and Discussion

4.1. XRD Measurement

The XRD measurements with respect to the different composition of Hf element
in the AHO film on TiN/Si substrates was performed to check growth quality. In
Figure 2, preferentially (200)-oriented AHO films were obtained with very low
intensity and small change of peak position as increase the number of unit cycles
in a HfO, sub cycles from 1 to 4.
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Figure 2. Broad range XRD 6-26 patterns for AHO films on TiN/Si substrates (main fig-
ure) and the magnification of (200) peaks for AHO films on TiN/Si substrates compare
with pure HfO: film (the inset).

A superimposed view of XRD patterns for AHO films in the inset of Figure 2
could be observed a shift of the peak position towards smaller 26 values compare
with binary HfO, film. This could be due to the interstitial addition of Al atoms
with a smaller atomic radius to the Hf atoms with a larger atomic radius in the
HfO; lattice which causes the lattice parameter of AHO films to increase in ac-
cordance with an increase in the volume of the unit cell [23]. However, the shifts
observed between each peak still in the range of measurement error due to a ca-
libration artefact. Therefore, 26 scans with low intensity and diffused reflections
could no show perfect crystallinity and complementary studies with reciprocal
mapping would be needed for the proof of growth quality. As a supportive in-
formation, the AHO[1/3] film (67 At% of Hf concentration) with higher inten-
sity might be considered for the best sample of dielectric properties in this re-
port.

4.2. Surface Analysis

To view the material composition of the samples, EDX spectrometry was per-
formed on the thin film samples for the elemental analysis. Figure 3 clearly
shows a mapping of EDX signals for the atomic composition of thin films with
different number of unit cycles in a HfO, sub cycles. As HfO, sub cycles in-
creased from 1 to 4, elemental distribution (atom %) of Hf atoms shows from 37
to 79 as summarized in Table 1. In Figure 3, the Al and Hf signals are strong
enough and clearly discernible, indicating that all the materials seem to be ho-
mogeneous and no impurities. It is understandable that the number of counts
obtained during the EDX signals corresponds to the material composition used

in the device fabrication.

DOI: 10.4236/msa.2022.139030

497 Materials Sciences and Applications


https://doi.org/10.4236/msa.2022.139030

Y. X. Wang et al.

(a) - 7 Spectrum 1 [ |(b) = I Spectrum 1
: At% 30= A%
30~ :
- Hf =
- 20-—:
B20- 2%
7] - ) <
e - 8 =
o o =
10- 102
T S Ty e e | B o N T TN E R T T
keV]| 0 2 4 6 8 keV
(c) - = Spectrum 1 | |{(d) = 1 Spectrum 1
30= At% e At%
= Hf
: 40—. Al
20-: S
>t - =
T 2
:
10= :
R Ty | | T O b s
keV e\}

Figure 3. EDX spectrum of the fabricated AHO thin film samples for the analysis of the presence of Al and Hf
composition in the samples. (a) AHO[1/1]; (b) AHO[1/2]; (c¢) AHO[1/3]; (d) AHO[1/4].

Figure 4 shows the AFM morphology investigation of as grown AHO films in
comparison with the binary HfO, and ALO; films deposited on TiN/Si sub-
strates. TiN films deposited on Si substrates shows microstructure with small
particles growing and gathering in high temperature, which could induce the
rougher surface as increase the crystallization. Therefore, all the films on TiN/Si
substrates show little rougher RMS value from 1.68 to 7.40 nm compare with the
similar group IV metal oxide films on various substrates with lower temperature
[21] [24].

The root-mean-square (RMS), average roughness R, and maximum roughness
Rimax calculated from topographic AFM image of as grown each films are sum-
marized in Table 3. This appears considerably larger roughness with varying Hf
concentration as increase of the number of unit cycles in a HfO, sub cycle. RMS
and R, is increased as the Hf concentration increased but Rn.y is suddenly down
at AHO[1/3] sample (67 At% of Hf concentration) which could exercise a mi-
nor-reaching influence in the dielectric properties. The surface roughness and
grain size of the dielectric layer may become another key feature influencing the
efficiency of electrical properties in MIM capacitors. It is a common knowledge
that dielectric constant continuously increases when grain size and surface
roughness decreases up to a certain critical size and then decreases again below a
critical grain size [25]. The critical grain size would vary with chemical composi-
tion of these dielectrics as well as with the route of synthesis of thin films and
subsequent device fabrication. The experimental investigation of compositional
effect on the dielectric properties of the AHO[1/3] sample with a 33/67 Al/Hf

At% composition were more focused in electrical characterization.
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Figure 4. Topographic AFM image, 1 pm x 1 um, with RMS roughness and average roughness of the films on TiN/Si depo-
sited by ALD technique (a) ALOs/TiN/Si; (b) AHO[1/1]/TiN/Si; (c¢) AHOI[1/2]/TiN/Si; (d) AHO[1/3]/TiN/Si; (e)
AHO[1/4]/TiN/Si; (f) HfO»/TiN/Si.

Table 3. Summary of RMS, R and Rumax calculated from AFM image.

Sample RMS (nm) R. (nm) Rimax (hm)
AlLOs 1.68 1.37 11.3
AHO[1/1] 2.16 1.71 16.9
AHO[1/2] 3.59 2.78 329
AHO[1/3] 4.78 3.94 29.1
AHO[1/4] 5.61 4.64 33.7
HfO, 7.45 5.46 58.3

4.3. Electrical Characterization

Capacitance vs. applied voltage (C-V) measurement was performed for Au/
AHO/TiN/SiO,/Si MIM capacitors in the frequency range from 10 kHz to 1
MHz. A DC bias voltage is applied from —5 V to 5 V between the 200 um cy-
linders shape Au electrode (top) and TiN flat electrodes (bottom). C-V single
sweep was operated for each frequency point (10 kHz, 50 kHz, 100 kHz, 500
kHz, and 1 MHz). The capacitance densities and dielectric constant can be cal-

culated from C-V measurements shown in Figure 5 and plotted with varying Al
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Figure 5. C-V characteristics of ALOs supplemented HfO, thin film as a function of the DC bias voltage for different frequencies:
(a) Voltage dependence of capacitance density for AHO films with different Al and Hf compositions and capacitance density (in-
set) on the Hf concentration in AHO films at 10 kHz (red circles) and 1 MHz (blue circles); (b) Voltage dependence of dielectric
constant for AHO films with different Al and Hf compositions and dielectric constant (inset) on the Hf concentration in AHO
films at 10 kHz (red circles) and 1 MHz (blue circles).

and Hf composition of AHO films at certain frequency shown in Figure 5 (in-
set). The stability of the capacitor is appeared to indicate the constant value of
capacitance densities and dielectric constant at a fixed frequency in the conti-
nuously increasing DC voltage.

It is obtained that the capacitance density and relative dielectric constant for
ALO; is around 1.2 - 1.5 fF/um?* and 7.9 - 8.5 at 10 kHz - 1 MHz respectively
which is in very good agreement with our previous experiments. [26]. The pure
HfO, film on TiN/SiO./Si exhibits capacitance density and relative dielectric
constant of 2.5 - 2.9 fF/pum? and 20 - 23 at 10 kHz - 1 MHz respectively that is
close to theoretical value (1.55 fF/pum?, 23.9 with cubic phase) found in literature
[27]. In case of AHO films where the addition of Hf concentration has increased
the dielectric constant as the number of unit cycles increasing in a HfO, sub
cycle. A higher capacitance density and dielectric constant up to 4.5 fF/um? and
35 at 10 kHz was observed in AHO film with a 33/67 Al/Hf At% composition
when the applied electric field varied from —70 to 70 MV/m, which indicate ex-
cellent dielectric characteristics with regard to frequency. This result is at least
half as much again as the value of HfO, film, which exhibits a strong directional
anisotropy with high dielectric constant [28] [29]. It could be attributed to the
preferred a-axis orientation and increased the molar volume in the composite
films that was previously reported in the similar structure of ALO; added Ta,Os
films [30] [31].

Current vs. applied voltage (I-V) measurement was performed for Au/
AHO/TiN/SiO,/Si MIM capacitors with a DC bias voltage from -5V to 5 V. The
current densities can be calculated from I-V measurements shown in Figure 6

and plotted with varying Al and Hf composition of AHO films shown in
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Figure 6. I-V characteristics of AL,Os supplemented HfO; thin film as a function of the DC bias voltage: (a) Voltage de-pendence
of leakage current for AHO films with different Al and Hf compositions and leakage current (inset) on the Hf concentration in
AHO films at 1 V (black circles) and 2 V (red circles); (b) Electric filed dependence of leakage current density for AHO films with
different Al and Hf compositions and leakage current density (inset) on the Hf concentra-tion in AHO films at 0.5 MV/cm (black

circles) and 1 MV/cm (red circles).

the inset of Figure 6. Since the conduction mechanism is based on the activation
from electrons or holes with the thickness of 60 - 70 nm dielectrics in MIM
structures, the quantum phenomenon has not been considered in this report.

It is noticed that forward leakage current causing bottom electrode injection
becomes sharp increasing before 2 V because of different work function of the
top and bottom electrode which were affected by the materials shown in Figure
6(2). On the other hand, reverse leakage current causing top electrode injection
becomes smooth changing little over —2 V. This result demonstrates that the
electron injection efficiency at the bottom interface larger than the one from the
top electrode due to the work function of TiN (~4.3 eV) is smaller than that of
Au (~5.3 eV) regardless of the type of current conduction. In Figure 6(b), the
leakage current density of pure ALO; film on TiN/SiO,/Si is about 1.79 x 107®
A/cm? at 1 MV/cm. In the composited film, leakage cur-rent increased up to
4.08 x 107® A/cm? at 1 MV/cm as increase of Hf concentration which is close to
the leakage of pure HfO, film (~5.04 x 10° A/cm?” at 1 MV/cm). However, lea-
kage fairly decrease down to 4.61 x 107 A/cm? at 1 MV/cm with the Al/Hf
composition of 33/67 At% in room temperature which indicates probably the
best data as a composite dielectric layer compared with other laminated mate-
rials. However, more complementary studies of electrical properties with the
correlation of fundamental material compositions and structure properties in a

real device behavior still in progress.

5. Conclusions

ALO; supplemented HfO, thin film MIM capacitors were fabricated by using
ALD technique with precise control of material compositions onto TiN/SiO,
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deposited Si (100) single crystal substrates. Very weak (200) orientation of AHO
films were observed by & - 20 scans of X-ray diffraction measurement. Material
composition of the fabricated thin films clearly observed by EDX spectrometry
with the elemental analysis of Al and Hf composition in the samples. Surface
morphology studies for the AHO films deposited on TiN-coated Si substrates
were performed by AFM measurements to understand the relationship between
dielectric properties and thin film surface roughness, which can be caused by the
bottom electrode surface roughness. Dielectric properties of AHO films on TiN/
SiO,/Si were carried out using semiconductor analyzer with probe station for a
DC voltage sweep from —5 V to 5 V and fixed frequency points from 10 kHz to 1
MHz. Leakage current characteristics of MIM capacitors have been measured on
a precision source/measurement system. Au/AHO/TiN/SiO,/Si MIM capacitors
demonstrate capacitance density of 1.5 - 4.5 fF/um? at 10 kHz, dielectric constant
of 11.7 - 35.5 at 10 kHz, a loss tangent of 0.02 - 0.04 at 10 kHz, and leakage cur-
rent density of 5.19 x 107® - 5.41 x 10°° A/cm? at 1 MV/cm at room temperature.

Our results demonstrate sufficiently low leakage and high capacitance of
compositional AHO thin film Capacitors and suggest the possible use of these
MIM Capacitors in microelectronic applications which can be attributed to the
following three factors. First, high temperature ALD growth of compositional
AHO films results in the possibility of preferential (200)-oriented but multi-phase
films without extra annealing process. However, single tetragonal phase with
annealing process (up to 1700°C) would be expected better electrical properties.
Second, supplementation of ALOQO; into HfO, system showed better dielectric
properties of films grown on TiN coated SiO,/Si substrates, thereby achieving
the formation of independent high- 4 thin film with semi metal electrode. Third,
owing to smooth combination of materials mixture, I - V analysis indicated rela-
tively low leakage current and low loss of composited dielectric layer comparable
with laminated structured. However, complementary studies for the structure of
TiN/AHO/TiN/SiO,/Si with all-in-one thin film process without vacuum break
are essential for an in-depth analysis of the correlation between electrical prop-
erties and smooth interfaces. Finally, this experimental approach to the different
types of compositional thin films could be a challenging in the field of thin film
dielectrics with ALD technique and could be served as a potential guideline to
achieve high density capacitance and low leakage oxide layer in the future semi-
conductor processing.
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