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Abstract

Metal-insulator-metal (MIM) capacitors with high-k HfO, dielectrics were fabricated and investigated. Experimental results show low
leakage current densities of ~5x 10~ A/cm? and high capacitance density of ~3.4 fF/um? at 100 kHz in the MIM capacitors. The temperature
coefficient and frequency dispersion effect for these MIM capacitors were very small. Different metal electrodes like tantalum, aluminum and
copper were also investigated and compared. Finally, the mechanism of electrical transport was extracted for the HfO, MIM capacitors to be

Poole—Frenkel-type conduction mechanism.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, the dramatic increase in wired and
wireless communications has demanded the need for high-
quality passives for analog and mixed-signal applications.
Metal-insulator—metal (MIM) capacitors using one of the
standard back-end metal layers as bottom electrode have
emerged as key passive components for microprocessors,
high-frequency circuits and mixed-signal integrated circuits
applications [1,2]. Compared with double polylinear capaci-
tors, they offer the advantages of reduced series resistance
and lower parasitic capacitance [3]. A high capacitance
density is important for an MIM capacitor to increase the
circuit density and reduce the cell area and cost. Therefore,
adoption of high-k material like Al,O; or HfO, is a very
efficient way to increase the capacitance density [4]. Silicon
oxide and silicon nitride are dielectrics that are commonly
used in conventional capacitors, but their capacitance
densities are limited due to low dielectric constants. It is
expected to be one solution to enhance the capacitance
density by using higher dielectric constant materials.

* Corresponding author. Tel.: +886 3 571 2121; fax: +886 3 571 5506.
E-mail address: thperng.ee88gnctu.edu.tw (T.-H. Perng).

0040-6090/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/1.ts£.2004.08.148

Among various high-k dielectric candidates, HfO, has been
investigated as a promising material in gate dielectric of
MOSFETs due to its high dielectric constant, excellent
thermal stability and high band gap. [5]. In addition,
excellent MOS capacitors with HfO, have also been
demonstrated [6]. Therefore, it seems that HfO, is a
promising candidate for the above applications. In this
work, MIM capacitors with HfO, dielectrics have been
fabricated and investigated. Experimental results show low
leakage current of ~5x107° A/cm?® and high capacitance
density of ~3.4 fF/um? at 100 kHz in the MIM capacitors.
The temperature coefficient and frequency dispersion effect
for these MIM capacitors were very small. Different metal
electrodes like tantalum, aluminum and copper were also
investigated and compared. Finally, the mechanism of
electrical transport was extracted for the HfO, MIM
capacitors.

2. Experimental details

Standard 6-in. (150-mm) silicon wafers, with a resistivity
of 15-25 Q) cm, were used in this study. An additional 500-
nm thermal SiO, was grown on the Si substrate to increase
the substrate isolation. The MIM capacitors with HfO, films
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were subsequently formed on the 500-nm SiO,. Before
high-k dielectrics deposition, a layer of Ta film was
deposited by sputtering on SiO, as the bottom electrode.
HfO, films (50 nm) were then prepared by sputtering in O,
ambient. After that, a layer of Ta film was deposited as the
top electrode. The pattern of the MIM capacitors was
defined using a metal mask. The counterparts of the MIM
capacitors with Al and Cu metals as the top electrodes were
also fabricated for comparison. Finally, furnace annealing
was conducted at 400 °C in N, ambient for 30 min.

The leakage current was measured using a Keithley
Model 4200-SCS Semiconductor Characterization System,
and the capacitance was measured using an Agilent
4284A precision LCR meter at frequencies varied from
1 kHz to 1 MHz. In order to investigate the thermal
stability of the high-k dielectric film, thermal stresses were
performed with measurement temperatures varied from 25
to 125 °C.

3. Results and discussion

Fig. 1 depicts the capacitance density as a function of
applied voltage for HfO, at frequencies ranging from 1
kHz to 1 MHz. Both the top and bottom electrodes used
here are Ta. The capacitor area in this measurement is
2x10™* cm? The capacitance densities decrease with
frequency and are almost constant from —5 to 5 V. High
capacitance value of 3.3 fF/um?® was measured at 100 kHz.
The MIM capacitors using different top electrodes of Al,
Ta and Cu are compared in Fig. 2. The capacitance
densities depicted in Fig. 2 were measured at a frequency
of 100 kHz. The capacitor with Al top electrode shows
smaller capacitance density of 2.9 fF/um”. This is
reasonable because of the interfacial layer of Al,O5; formed
between HfO, and Al film during sample preparation. The
overall capacitance was reduced by the lower dielectric
constant of Al,O3;. On the other hand, the capacitance
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Fig. 1. Capacitance—voltage (C—V) characteristics of HfO, MIM capacitors
with Ta electrodes at the frequencies from 1 kHz to 1 MHz.
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Fig. 2. Capacitance—voltage (C—V) characteristics of HfO, MIM capacitors
with Al, Ta and Cu top electrodes at the frequency of 100 kHz.

density of the capacitor with Cu top electrode exhibits
record high value of 3.4 fF/um? in such thickness regime.
The average voltage dependence of the MIM capacitor
from 1 kHz to 1 MHz follows the voltage dependence of
Co (xxV*+BxV+1), where the voltage coefficients of
capacitance (VCC) values of o and £ are listed in Table 1.
The requirement of the quadratic coefficient of capacitance
o is smaller than 100 ppm/V?, and the requirement of the
linear coefficient of capacitance f§ is below 1000 ppm/V
according to the ITRS roadmap [7].

Fig. 3 shows the leakage current density—voltage (J-V)
characteristics of HfO, MIM capacitors with different top
electrodes of Al, Ta and Cu. The measured area is 2 X 10°*
cm? for all of the samples. The leakage current densities of
the MIM capacitors exhibit nearly the same order of
magnitude at low-field region. However, the current
densities of the MIM capacitors with Ta and Cu top
electrode show a little larger than that of the capacitor with
Al top electrode after 2 V. Beyond 3 'V, the current densities
of the MIM capacitor with Cu top electrode increases
obviously, while that of the capacitors with Al top electrode
keeps the lowest current level until 5 V. The leakage current
densities for the MIM capacitors with Al, Ta and Cu top
electrodes are 5.0x1077, 7.8x10"? and 9.0x10~® A/cm? at
5V, respectively.

The loss tangent values as a function of frequency for
the HfO, dielectric MIM capacitors with three different top
electrodes are shown in Fig. 4. Similar trend in loss
tangent values (1/Q factor) are observed for all of the
samples. The lowest loss tangent value was measured at
frequencies of 100 and 10 kHz. At frequencies of 1 MHz
and 1 kHz, the loss tangent values increase to a value
around 0.05.

Fig. 5 depicts the capacitance density of the MIM
capacitor with Ta top electrode as a function of frequency
after thermal stress from 25 to 125 °C. At lower temper-
ature, the capacitance density decreases with frequency.
However, this is not the case at elevated temperature. The
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Table 1
Voltage linearity coefficients o (ppm/V?) and f (ppm/V) as a function of frequency for the HfO, MIM capacitors with Ta, Al and Cu top electrode
Frequency Tantalum (Ta) Aluminum (Al) Copper (Cu)

o (ppm/V?) B (ppm/V) o (ppm/V?) B (ppm/V) o (ppm/V?) B (ppm/V)
1 MHz 65.1 150.3 355 833 55.4 47.7
100 kHz 70.2 181.0 36.0 105.2 53.6 79.1
10 kHz 74.4 125.8 41.2 93.7 230.1 84.5
1 kHz 87.0 130.1 161.5 200.6 153.4 —33.7

capacitance density does not decrease monotonically with
frequency but has a minimum at the frequency of 100 kHz.
The same thermal stress measurement was conducted for the
capacitor with Al and Cu top electrode, and the results are
shown in Fig. 6. The tendency of the capacitance density for
Al top electrode is similar to that for Ta top electrode. The
capacitance density decreases initially and then increases
with frequency for the case of Al top electrode. The poorer
frequency dispersion for Al top electrode compared with
that for Ta top electrode is probably the increased interface
defect density around the interfacial layer formed at the less
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stable AI/HfO, interface under the elevated temperature
measurements. On the other hand, the capacitance density
for Cu top electrode is obviously lowered at elevated
temperatures. In addition, the capacitance density decreases
with frequency at all thermal stress conditions. The major
reason is considered to be the interface defect density
increasing during the thermal stress process.

In order to elucidate the leakage mechanism, a plot of the
leakage current density vs. the square root of the applied
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Fig. 3. Current density—voltage (J—V) characteristics of the HfO, MIM
capacitors with the top electrodes of Al, Ta and Cu.
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Fig. 4. Loss tangent as a function of frequency for the MIM capacitors with
Al, Ta and Cu top electrodes.
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Fig. 5. Capacitance density of the MIM capacitor with Ta top electrode as a
function of frequency after thermal stress from 25 to 125 °C.
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Fig. 6. Capacitance density of the MIM capacitor with Al and Cu top
electrode as a function of frequency after thermal stress from 25 to 125 °C.
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electric field in the high electric field regime was sketched,
as shown in Fig. 7. To make the plots concise and clear, only
the high-field region is shown. Fig. 7a—c shows In(J/E) and
EY? characteristics of the Ta/HfO,/Ta, AI/HfO,/Ta and Cu/
HfO,/Ta MIM capacitors, respectively. We found that all
leakage current densities of Ta, Al and Cu top electrode
capacitors are increased with temperature, revealing a
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Fig. 7. Poole-Frenkel plot showing the current density vs. electric field
characteristics at five measurement temperatures from 25 to 125 °C for
HfO, MIM capacitor with (a) Ta top electrode, (b) Al top electrode and (c)
Cu top electrode.

temperature dependence on the leakage behavior. In
addition, all leakage current densities are linearly related
to square root of the applied electric field. These linear
variations of current densities, after careful calculation,
correspond to Poole—Frenkel (PF)-type conduction mecha-
nism [8],

(1)

PorE'* — dpp
ksT

J = Joexp<

where Jo=aE is the low-field current density, g is the low-
field conductivity, f pp=(e3/nsos)l/ 2 and ¢pr 1s the height of
trap potential well. Rearrangement of Eq. (1) yields a linear
relationship between In J and 1/7, capable of calculating the
height of trapping potential well ¢pg

e PorVE >
kg ks

1

InJ = In(Jy) — — ( (2)

T

The values of e¢pr extracted from the slope of the
equation are 0.95, 1.01 and 0.90 eV for Ta, Al and Cu top
electrode, respectively. The calculated conduction mecha-
nism of Poole—Frenkel type for all samples indicates that the
current conduction is essentially via the trap state. However,
some variation still exists in the extracted height of trap
potential with respect to different top electrodes. This
implies that the traps at and around the interface rather
than the traps at deep level play the major role to the
conduction mechanism.

4. Conclusions

HfO, MIM capacitors with different metal top electrodes
have been investigated. The MIM capacitor with Al top
electrode exhibits the lowest capacitance density, while that
with Cu top electrode exhibits the highest capacitance value
of 3.4 fF/um?. Due to the ALLO; layer formed between Al
and HfO,, the capacitance density and the leakage current
density were reduced to 2.9 fF/um? and 5.0x10~° A/em? (at
5 V), respectively. On the other hand, although the MIM
capacitor with Cu top electrode shows larger leakage current
density at higher electric field, the successful fabrication of
the Cu top electrode capacitor implies the possibility of
integrating Cu with HfO, dielectrics. Thus, this indicates
that it is very suitable for HfO, dielectric to use in silicon IC
applications.
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