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Metal–insulator–metal (MIM) capacitors with atomic-layer-deposited Al2O3 dielectric and reactively sputtered

TaN electrodes in application to radio frequency integrated circuits have been characterized electrically. The capacitors

exhibit a high density of about 6.05 fF/µm2, a small leakage current of 4.8×10−8 A/cm2 at 3V, a high breakdown electric

field of 8.61MV/cm as well as acceptable voltage coefficients of capacitance (VCCs) of 795 ppm/V2 and 268 ppm/V at

1MHz. The observed properties should be attributed to high-quality Al2O3 film and chemically stable TaN electrodes.

Further, a logarithmically linear relationship between quadratic VCC and frequency is observed due to the change of

relaxation time with carrier mobility in the dielectric. The conduction mechanism in the high field ranges is dominated

by the Poole–Frenkel emission, and the leakage current in the low field ranges is likely to be associated with trap-assisted

tunnelling. Meanwhile, the Al2O3 dielectric presents charge trapping under low voltage stresses, and defect generation

under high voltage stresses, and it has a hard-breakdown performance.
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1. Introduction

With the rapid development of wireless and

nanoscale devices, there is a strong demand for the de-

coupling and filtering of metal–insulator–metal (MIM)

capacitors integrated within the back-end-of-line for

integrated circuit manufacturing. The motivation to

develop MIM capacitors, rather than conventional

polysilicon capacitors, is to improve radio frequency

performances due to their reduced substrate parasitic

capacitance, low voltage coefficients, and high qual-

ity factor.[1,2] In order to minimize the capacitor area,

thus increase the circuit density, the embedded MIM

capacitors with a higher capacitance density are de-

sired in the next generation of technology,[3] which

can be implemented by employing either thinner insu-

lators or high-permittivity (high-κ) insulators. How-

ever, the leakage current and reliability issues restrict

the aggressive insulator thickness scaling down in the

case of conventional silicon oxide (κ =∼ 4) and ni-

tride dielectrics (κ = 7),[1] and the high-κ insulator

is therefore considered as one of the most promising

solutions.

In recent years, various deposition techniques

for preparing high-κ films have been developed,

such as ion-beam sputtering,[4] laser molecular beam

epitaxy,[5] reactive radio frequency co-sputtering[6]

and so on. However, for fabricating high-κ dielec-

tric MIM capacitors, the main techniques include reac-

tive sputtering,[7] atomic layer deposition (ALD),[8,9]

pulsed laser deposition[10] and post-deposition oxida-

tion (PDO) of metal.[11] Owing to the requirement for

the MIM capacitors to be embedded into the inter-

level dielectric layers, the maximum fabrication tem-

perature should be compatible with the thermal bud-

get (< 450 ◦C) of Cu back-end-of-line process. How-

ever, in the above temperature range, it is difficult to

acquire such high-quality dielectrics by the reactive

∗Project supported by the National Natural Science Foundation of China (Grant No 90607023), Shanghai Pujiang Program

(Grant No 05PJ14017), SRF for ROCS, SEM, and the Micro/Nano-electronics Science and Technology Innovation Platform (985)

and the Ministry of Education of China in the International Research Training Group “Materials and Concepts for Advanced

Interconnects”.
†Corresponding author. E-mail: sjding@fudan.edu.cn

http://www.iop.org/journals/cp http://cp.iphy.ac.cn



2804 Ding Shi-Jin et al Vol. 16

sputtering or PDO of metal. The resulting films usu-

ally contain a large number of atomic vacancies, thus

leading to a large leakage current and low breakdown

strength.[7,11] With regard to the PLD technique, the

deposited films encounter a major issue of surface mor-

phology control as well as poor uniformity over a large

area due to heavily fluctuating evaporation rate.[12]

Recently, the ALD technique has attracted more and

more attention on account of its various outstand-

ing advantages, including the exquisite control of the

film composition, high film uniformity, perfect con-

formity with high aspect ratio trench and low thermal

budget,[13] thus it is significant to investigate the ALD

high-κ dielectrics used in MIM capacitors.

High-κ Al2O3 material has a large band gap of

8.7 eV, a dielectric constant (κ = 9) higher than

those of SiO2 and Si3N4, and a compact and amor-

phous texture under the conditions of interest,[14]

therefore, we have investigated intensively atomic-

layer-deposited Al2O3 films as gate dielectrics for

silicon- and GaAs-based metal–oxide–semiconductor

devices.[15,16] In addition, the atomic-layer-deposited

Al2O3 dielectric has also been examined in applica-

tion of Al2O3/Ta-based MIM capacitor to radio fre-

quency and mixed-signal integrated circuits. How-

ever, the achieved capacitance density is as small as

2.2 fF/µm2, with the leakage current retaining an ac-

ceptable level.[9] In this article, we report on the use

of very thin (13 nm) Al2O3 film as an insulator of the

MIM capacitor fabricated by ALD together with TaN

electrodes. The fabricated MIM capacitor exhibits a

significantly enhanced capacitance density, low leak-

age current, and high breakdown strength.

2. Experiments

A one-quarter 15.2 cm diameter silicon wafer was

used as a starting substrate. Firstly, an about 400 nm

thick SiO2 layer was grown on a silicon wafer by

low-pressure thermal chemical vapour deposition of

Si(OC2H5)4, followed by the deposition of an about

150nm thick TaN layer as a bottom electrode by reac-

tively sputtering a Ta target in the ambient of N2/Ar

at a flow rate ratio of 1:5 and a working pressure of

0.4Pa, with a DC power of 450W applied to the tar-

get, and an RF power of 12W, to the substrate. Sub-

sequently, the TaN-coated wafer was transferred into

an ALD chamber for Al2O3 deposition. In the present

experiment, a 13 nm thick Al2O3 film was deposited

by using H2O and Al(CH3)3 precursors at 320◦C. Af-

ter the dielectric deposition, the same thick TaN film

was prepared as a top electrode, followed by anneal-

ing at 420 ◦C in the forming gas (95%-N2 and 5%-H2)

for 30min. Finally, a photolithography step was car-

ried out to make a capacitor pattern with a size of

100 µm×100 µm, followed by etching the top metal

and the insulator in Cl2 gas atmosphere at an ini-

tial substrate temperature of 60 ◦C. Subsequently, the

block resist was removed by O2 plasma. Capacitance–

voltage (C −V ) measurements were performed by us-

ing a precise LCR meter (HP4284A) with a 25mV ac

sweeping signal. Current–voltage (I −V ) characteris-

tics were measured using a semiconductor parameter

analyser (HP4155B).

3. Results and discussion

Figure 1 shows the capacitance density and dis-

sipation factor of the MIM capacitor as a function of

frequency at zero-bias. It is found that the capaci-

tance density does not present an evident variation

with frequency increasing, which is in a range of 5.77–

6.02 fF/µm2 for the applied frequencies between 1 kHz

and 1 MHz. Although the dissipation factor of the ca-

pacitor exhibits a rise in the case of the frequency

higher than 100 kHz, we do not observe a decrease in

the capacitance density. This may be due to an expo-

sure of the sample to the ambient prior to the electrical

measurements, leading to adsorptions of water, etc on

the sample surface. The inset in Fig.1 shows the

Fig.1. Dependences of capacitance density and dissipation

factor on the applied frequency at zero-bias. The inset shows

the distribution of the capacitance densities at 0V and 1MHz.

capacitance–density distribution of the capacitor on

the same wafer, suggesting a mean capacitance den-
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sity of 6.05 fF/µm2, which is much higher than the

achieved value (1.2−2.8 fF/µm2) in the case of conven-

tional Si3N4 dielectric.[17] Moreover, the compact dis-

tribution of capacitance densities (a distribution width

of 0.18 fF/µm2) indicates that the ALD Al2O3 film is

very uniform. According to a parallel plate capacitor

model, C = ε0κA/d, and the calculated relative di-

electric constant of Al2O3 equals 8.9, which is in good

accordance with that reported in Ref.[14].

Voltage coefficients of capacitance (VCCs) are

very important parameters in the application of MIM

capacitors to radio frequency circuits, and can be de-

termined by using the following equation to fit the

experimental data:[8]

C (V ) = C0(αV 2 + βV + 1),

where C0 is the capacitance at zero bias; α and β

represent quadratic and linear VCCs, respectively. To

obtain VCCs, normalized capacitance (CV /C0) versus

dc bias is plotted in Fig.2 at three different frequen-

cies, and the extracted VCCs are also presented. It

Fig.2. Normalized capacitance (CV /C0) versus dc bias at

frequencies of 10 k, 100 k and 1MHz, separately. The ex-

tracted α and β for different frequencies are also presented.

The discontinuous symbols represent the original data at

different frequencies, and the solid lines denote the fitting

curves.

is found that α decreases monotonically from

1110ppm/V2 to 795ppm/V2 as the applied frequency

increases from 10 kHz to 1MHz. However, β does

not exhibit the aforementioned change. In order to

comprehensively observe frequency-dependences of α

and β values, we have measured C–V curves at more

frequencies. The extracted α values are plotted as

a function of frequency as indicated in Fig.3, where a

logarithmically linear relationship is obtained between

α and frequency. The aforementioned frequency-

dependence of α is also observed in the high-κ HfO2

MIM capacitors, and is explained as the fact that the

carrier mobility becomes smaller with increasing fre-

quency, which leads to a longer relaxation time and a

smaller variation in capacitance.[18] Furthermore, the

extracted β values are also plotted as a function of fre-

quency as shown in the inset of Fig.3. It can be seen

that β does not exhibit any regular variation with fre-

quency.

Fig.3. Quadratic VCC (α) versus frequency in a

logarithm-logarithm scale. The inset shows linear VCC

(β) versus frequency.

Figure 4 shows the typical I − V characteristic

curve of the capacitor, indicating a leakage current

density lower than 1× 10−7 A/cm2 in the range of −4

∼ +4V. Further, we can see that the leakage current

at 3 V is as small as 4.8 × 10−8 A/cm2. It is worth

indicating that the forming gas anneal (FGA) prior to

the formation of capacitors is helpful to reducing the

leakage current, as reported by Kim et al
[7] and Lin

et al.[19] This is most likely attributed to the following

two factors.[19] The FGA leads to the formation of a

thermodynamically stable bonded interface with good

interface properties. On the other hand, the weak Al–

O bond can readily be broken in a reducing gas during

the FGA, but the top metal film prevents O species

desorption from forming the Al2O3 film. Therefore, a

dynamic equivalent process must occur inside the iso-

lated Al2O3 system, and at last form the stable Al–O

bond of the Al2O3 system. Additionally, the symmet-

rical I − V curve reveals comparable interfacial prop-

erties of dielectric/electrode. The breakdown strength

of the MIM capacitor generally reflects the device life-

time, therefore, for obtaining the breakdown-electric-

field (EBD) of the capacitor, a continuously incremen-

tal voltage is applied to the MIM capacitor till elec-

trical breakdown. The inset in Fig.4 presents a cumu-

lative distribution of EBD. It is found that the EBD
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amounts to 8.61MV/cm in the case of 50% breakdown

probability, such a high EBD is useful to enhancing the

device lifetime.

Fig.4. Dependence of leakage current density on volt-

age. The inset shows cumulative distribution of break-

down electric fields of the MIM capacitors.

For an understanding of the possible conduction

mechanisms occurring in the current MIM capacitor,

the I − V curves are plotted according to the Poole–

Frenkel (P–F) emission and Schottky emission, respec-

tively. Figure 5(a) shows ln(J/E) versus E1/2 due to

the P–F emission. It is evident that a straight line

is achieved in high electric-field ranges. According to

the slope of the straight line, the deduced refractive

index (n) is 1.8, which is close to the experimental

value (1.68) for Al2O3 layer prepared by plasma as-

sisted atomic layer deposition.[20] However, if we fit

the same data using the Schottky emission (not shown

here), the resulting refractive index is as small as 0.86,

which is far from the measured one. Accordingly, it

is reasonable that the conduction mechanism in high

electric-field ranges is dominated by the P–F emis-

sion. In addition, it is well known that the Schottky

emission usually occurs at lower electric fields, and

lnJ is thus plotted as a function of E1/2 according

to the Schottky emission as shown in Fig.5(b). The

extracted refractive index is about 10, which devi-

ates severely from the experimental one. This reveals

that the Schottky emission is not dominant in the low

electric-field ranges. Considering that the Al2O3 film

contains a lot of traps, the leakage current at the lower

electric fields is likely to be associated with the trap-

assisted tunnelling.

Fig.5. ln(J/E) versus E1/2 together with a fitted straight line in high electric field ranges (a) where the inserted formula describes

the Poole–Frenkel emission, C is a constant, φPF is the barrier height separating the traps from the conduction band, and lnJ

versus E1/2 together with a fitted straight line in the low electric field ranges (b). The Schottky emission is described by the

inserted formula, where A is the effective Richardson constant, φs represents the barrier height between the injecting electrode and

the dielectric material. In the aforementioned two formulas, εr denotes the high frequency permittivity of the material and equals

the square of the refractive index (εr = n2); ε0, q and k represent the permittivity of free space, the electronic charge and the

Boltzmann constant, respectively. The absolute temperature T equals 298K in our case.

Table 1 shows a comparison of the present re-

sults with other reported ones on Al2O3 MIM capac-

itors. Compared with our ALD Al2O3 film, the post-

deposition oxidation of Al film offers much larger leak-

age current density and a lower capacitance density as

well. This should be attributed to the fact that the Al

film cannot be oxidized completely under the exper-

imental condition (for instance, 400 ◦C), thus result-
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ing in the formation of non-stoichiometric Al2O3 film.

Therefore, the resulting film contains a number of oxy-

gen vacancies, which favours the leakage characteristic

of the Al2O3 film. By using Ta electrodes, the oxida-

tion of the Ta bottom electrode easily occurs during

atomic layer deposition of Al2O3 due to its exposure to

the water and thermal ambient, which can be reflected

by Gibbs energy of formation (∼ −298.76kJ/mol) for

Ta2O5, so the interfacial layer with inferior quality is

formed. This will cause the decrease in the capaci-

tance density. In a word, our fabricated MIM capaci-

tor exhibits the highest capacitance density while re-

taining a minimal leakage current, which is related to

not only a high-quality atomic-layer-deposited Al2O3

insulator but also more stable TaN electrodes.

Table 1. A comparison of our results with other reported ones on Al2O3 MIM capacitors.

technology for preparing capacitance leakage current
reference

Al2O3 film
electrode material

density/(fF/µm2) density/(A/cm2)

post-deposition oxidation Pt bottom electrode;
[11]

of thin Al film Al top electrode
5 2×10−7 at 2V

[9] atomic-layer-deposition Ta electrodes 2.2 4.9×10−8 at 3V

Our results atomic-layer-deposition TaN electrodes 6.05 4.8×10−8 at 3 V

Finally, the time characteristic for the capacitor

to break down is measured under different constant

voltage stresses as shown in Fig.6. Under constant

Fig.6. Evolution of normalized leakage current (Jt/J0)

with stress time under different constant voltage stresses.

J0 and Jt denote the leakage currents before the stress

and after the stress time t, respectively.

voltage stresses of 4 V and 7V, the leakage current

density decreases monotonically with increasing stress

time, which is due to a charge trapping effect.[21] The

aforementioned characteristic may be very useful to

obtaining a long lifetime of device. When the stress

voltage is raised to 8V or higher, an increase in leakage

current occurs in a range of longer stress time. This

can be attributed to the trap-assisted leakage current

due to defect generation under high voltage stresses.

Further, a sudden and sharp rise of the leakage cur-

rent can be observed, suggesting a hard-breakdown

characteristic.

4. Conclusions

The MIM capacitors have been fabricated by us-

ing an ALD Al2O3 insulator and sputtered TaN elec-

trodes, exhibiting a high density of about 6.05 fF/µm2,

a small leakage current of 4.8 × 10−8 A/cm2 at 3V,

a high EBD of 8.61MV/cm as well as acceptable

quadratic VCC of 795 ppm/V2 and linear VCC of

268ppm/V at 1MHz. The observed properties should

be attributed to high-quality Al2O3 film and chem-

ically stable TaN electrodes. Furthermore, a loga-

rithmically linear relationship between quadratic VCC

and frequency is observed, which is correlated with

the decrease in the carrier mobility with increasing

frequency, thus leading to a higher relaxation time

and a smaller capacitance variation. The conduction

mechanism in high field ranges is dominated by the

Poole–Frenkel emission, while the leakage current in

low field ranges is very likely to be associated with

trap-assisted tunnelling. Finally, the charge trapping

and defect generation are demonstrated, respectively,

under low voltage stresses and high voltage stresses.

At the same time, a hard-breakdown characteristic of

the MIM capacitor is also observed.
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