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Abstract—High-performance metal–insulator–metal capac-
itors using atomic layer-deposited HfO2–Al2O3 laminate are
fabricated and characterized for RF and mixed-signal appli-
cations. The laminate capacitor can offer high capacitance
density (12.8 fF/ m2) up to 20 GHz, low leakage current of
4 9 10 8 A/cm2 at 2 V and 125 C, and small linear voltage
coefficient of capacitance of 211 ppm/V at 1 MHz, which can easily
satisfy RF capacitor requirements for year 2007 according to the
International Technology Roadmap for Semiconductors. In addi-
tion, effects of constant voltage stress and temperature on leakage
current and voltage linearity are comprehensively investigated,
and dependences of quadratic voltage coefficient of capacitance
( ) on frequency and thickness are also demonstrated. Mean-
while, the underlying mechanisms are also discussed.

Index Terms—Atomic layer-deposit (ALD), HfO2–Al2O3 lam-
inate, metal–insulator–metal (MIM) capacitor, radio frequency
(RF), reliability.

I. INTRODUCTION

THE DRAMATIC increase in wired and wireless com-
munications has triggered the demand for metal–insu-

lator–metal (MIM) capacitors, which can offer low parasitic
capacitance, low voltage coefficients, and high quality factor
for RF applications [1]. With an increase in levels of inte-
gration and the scale-down of chip size, future technology
generations will require integrated RF MIM capacitors with
higher capacitance density in view of lower system cost. High
capacitance density can be achieved by utilizing either high
dielectric constant (high- ) materials or very thin insulator
layers. However, leakage current and reliability issues limit the
aggressive thickness scaling [2]. Therefore, high- materials
are much preferred as a possible solution. In the last two years,
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various high- dielectrics, such as HfO [3]–[5], AlTaO [6],
Tb-doped HfO [3], (HfO ) (Al O ) [7], Al O [8], [9],
AlTiO [9], and Ta O [8], [10], have been explored to replace
conventional silicon dioxide and silicon nitride for MIM
capacitors. However, the challenge still remains to achieve high
capacitance density especially in RF regime, while maintaining
minimal leakage current, acceptable voltage coefficients of
capacitance (VCCs), and so on under the thermal budget of a
back-end process.

An HfO –Al O laminate has been evaluated in metal-insu-
lator-poly-silicon structure for dynamic random access memory
(DRAM) application, showing excellent leakage characteristics
[11], where capacitance density and leakage current are of great
importance. However, in the case of RF MIM capacitors, RF
performances and voltage linearity are emphasized in partic-
ular. Thus, it is desirable to investigate the characteristics of the
HfO –Al O laminate for MIM capacitors application. In this
paper, we employed alternate 1-nm Al O and 5-nm HfO as
an insulator for MIM capacitor. The 1-nm Al O layers were
acted as the contacting layers to the bottom and top electrodes
to improve the metal/dielectric interface quality, as suggested
by Ishikawa et al. [10]. As a result, high performance MIM ca-
pacitors using the atomic layer-deposited (ALD) HfO –Al O
laminate have been demonstrated successfully, suggesting that it
is a very promising candidate for next generation RF and mixed
signal IC applications.

II. EXPERIMENTS

The MIM capacitors were fabricated on 4- m SiO deposited
on Si wafer. The sputtered Ta–TaN layers were used as the bottom
electrode, where Ta was used to reduce the parasitic resistance
of the electrode and TaN served as a barrier layer. After that,
the laminate dielectrics with alternate Al O (1 nm) and HfO
(5 nm) layers were deposited using ALD technique at 320 C,
and the beginning and end layers were 1-nm Al O , respectively.
Al O were deposited using tri-methyl aluminum and water, and
HfO were deposited using HfCl and water. Three thicknesses
of laminate (13, 31, and 43 nm) were deposited. Then, TaN
was reactively sputtered as the top electrode, followed by
the forming gas annealing at 420 C for 30 min to reduce
leakage current. Finally, a photolithography step and dry etching
were adopted to define the MIM capacitors. In consideration
of RF characterization, the coplanar transmission lines were
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Fig. 1. (a) Equivalent circuit model for capacitor simulation in RF regime.
(b) Typical measured and simulated two-port S-parameters for the 13-nm
laminate MIM capacitor.

Fig. 2. High-frequency responses of the laminate MIM capacitors with three
thicknesses from 50 MHz to 20 GHz.

fabricated, and also served as the top and bottom electrodes;
here, Al was used as the contact pads after TaN top electrode
formation. The maximum temperature in the device fabrication
was 420 C considering the compatibility with the CMOS
back-end of line process.

Capacitances from 10 kHz to 1 MHz were measured using
a HP4284A precision LCR meter. For RF characterization, the
scattering (S) parameters were measured on-wafer using HP
8510C netpaper analyzer with the GGBs air coplanar probes
for ground–signal–ground (GSG) configuration. The measured

-parameters were de-embedded from a dummy device and
the high-frequency capacitance plus parasitic parameters were
extracted using an equivalent circuit model and IC-CAP soft-
ware. Leakage currents were measured using a HP4155B semi-
conductor parameter analyzer. To study dependence of VCCs
on constant voltage stress (CVS), capacitance–voltage ( – )
characteristics were measured with an interruption of stress after

different stress time. The breakdown of the laminate was char-
acterized by monitoring the change of leakage current during
CVS.

III. RESULTS AND DISCUSSIONS

A. RF Characteristics of the Laminate MIM Capacitors

In order to investigate the capacitance characteristics of the
laminate MIM capacitors in RF regime, we first establish the
equivalent circuit model for extractions of capacitance and par-
asitic parameters, as shown in Fig. 1(a). The and C describe
the basic model of high- laminate MIM capacitors, where
originates from the high- dielectric loss. , and de-
note the parasitic resistance and inductances from the coplanar
transmission, respectively. Notably, the series resistance is more
critical than the parallel one at high frequencies, and becomes a
limiting factor for performance of capacitor in RF regime [12].
In addition, the dummy structure is also made for de-embed-
ding purpose during RF measurement [13]. After the S-parame-
ters measurements of both the device under test (DUT) and the
dummy device, the following procedures are used to de-embed
the parasitic from the bondpads [14], [15]:

(1)

– (2)

As a result, the measured two-port S-parameters (S11 and S21)
after de-embedding shunt elements are obtained. In comparison
with the elements shown in Fig. 1(a), the shunt elements (not
shown) represent the coupling of the top and bottom electrodes
to ground through SiO and Si substrate, which can be sup-
pressed by integrating the capacitors far away (or beneath the
final metal level) from Si substrate. Therefore, the simulated
two-port S-parameters are obtained using the aforementioned
equivalent circuit by IC-CAP [16]. The typical two-port S-pa-
rameters are illustrated in Fig. 1(b) for the 13-nm laminate MIM
capacitor. It can be found that the measured and simulated data
points over the entire frequency range from 50 MHz to 20 GHz
are in very good agreement, which suggests that the equivalent
circuit model is suitable and reliable for the capacitor modeling
and parameters extraction. In addition, the transition from ca-
pacitive to inductive behavior in Fig. 2 is due to the parasitic
inductances which are believed to be associated with the inter-
connect and extrinsic to the MIM structure. The above phenom-
enon can be understood from the simplified impedance formula
of capacitor . At a certain high fre-
quency, the capacitor undergoes the transition from capacitive
to inductive behavior. From Fig. 2 it is observed that the reso-
nance frequencies are 5.5, 7.7, and 9.3 GHz for the 13-, 31-, and
43-nm laminate MIM capacitors, respectively. The different res-
onance points result from the different capacitance values due
to different dielectric thicknesses. However, the useful operating
frequency range of MIM capacitor can be further extended by
means of reducing the series parasitic resistance.

Fig. 3 presents the capacitance densities measured at low fre-
quency (10 kHz–1 MHz) and those extracted in RF regime. It
is revealed that all of the laminate MIM capacitors can offer
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Fig. 3. Frequency dependences of capacitance densities from 10 kHz to
20 GHz for the 13-, 31-, and 43-nm laminate capacitors.

nearly constant capacitance densities of 4.3, 6.1,
and 12.8 fF/ m for 43, 31, and 13-nm laminates from
10 kHz to 20 GHz, respectively. The calculated dielectric
constant of the laminate is around 19, which indicates that the
incorporation of a small quantity of Al O can still preserve
high enough dielectric constant. Compared to other dielectrics
such as AlTiO [9], silicon nitride [17], the HfO –Al O
laminate dielectric exhibits remarkably improved frequency
dependence under the thermal budget of back-end of line
process, which is of great importance for circuit application
as well as the circuit design perspective. Regarding the
13-nm laminate MIM capacitor, the capacitance density of
12.8 fF/ m can fit the density requirement of RF capacitor
up to year 2007 according to the International Technology
Roadmap for Semiconductors [18].

B. Leakage and Breakdown Characteristics of the Laminate
MIM Capacitor

To stringently evaluate leakage characteristics of the laminate
MIM capacitors, – characteristics are measured at the max-
imum operating temperature 125 C. Fig. 4 shows dependence
of leakage current density on biasing voltage at 125 C for
MIM capacitors with different thicknesses of laminate. It is no-
ticed from Fig. 4 that the leakage current decreases with the
increase of the laminate thickness at the same voltage. Table I
compares leakage currents and capacitance densities of other
high- MIM capacitors together with the 13-nm laminate MIM
capacitor. It can be found that the 13-nm HfO –Al O laminate
MIM capacitor can provide much smaller leakage current than
those of HfO and Tb-doped HfO MIM capacitors while main-
taining the similar capacitance density. Such a small leakage
current density for the laminate MIM capacitor is attributed to
incorporations of 1-nm Al O layers. It exploits the merits of
large band gap of Al O which helps to reduce leakage cur-
rent and slow oxygen diffusion through Al–O matrix resulting
in improved interface properties [19]. Besides, the intermediate
amorphous Al O layers inhibit the continuous crystal growth
of HfO , thereby eliminate the grain boundary channels ex-
tending from one electrode to the other, and further contribute
to the reduced conductivity [20].

Fig. 5 presents – curves for the 13-nm laminate MIM
capacitor measured at several different temperatures. It is found

Fig. 4. J–V characteristics of the 13-, 31-, and 43-nm laminate capacitors at
125 C.

that the leakage current at low voltages exhibits weak tem-
perature dependence in comparison with that at high voltages,
i.e., compared to the leakage current at 50 C, the leakage
currents at 125 C increase by 1.6 and 24.8 times at 1 and
3 V, respectively. Moreover, the – characteristics exhibit
two distinct regions. One is the low bias region (typically at

V), where the leakage current increases slowly with the
applied voltage; the other is the high bias region ( V), where
the leakage current increases quickly with the applied voltage.
The phenomena reflect different current transport mechanisms.
It is believed that the Poole–Frenkel (P–F) emission is due
to field-enhanced thermal excitation of trapped electrons, so
the conduction process at high bias in Fig. 5 is likely domi-
nated by P–F emission. To further verify the possible effect,

versus is plotted in Fig. 6(a) at different tem-
peratures, together with extracted slope by linear fitting.
According to [21] we can deduce that the refractive index of
the laminate is close to 1.8 in the case of 22 C, which is in
good agreement with the reported refractive index (1.6–2.0)
of ALD HfO –Al O nanolaminate [22], suggesting the dom-
inant P–F emission at high electric field. At the same time, it
is also found that the transition to P–F emission shifts from
2.4 to 1.6 MV/cm with increasing the temperature from 22 to
125 C. However, uncontrollable occurrence of charge trap-
ping (as revealed in Fig. 8) during the – measurements
probably increases uncertainty in the P–F plotting. To make a
clear and final conclusion on the conduction mechanism, the
measurement temperature range has to be increased. On the
other hand, versus at low voltages is also plotted
in Fig. 6(b), where the inset presents Schottky fitting for the
measurement temperature of 22 C. According to the resulting
slope, the calculated refractive index is about 9, which is much
larger than that of ALD HfO . Thus, it can be considered that
the Schottky emission is not a unique conduction mechanism at
low bias. It has been reported that trap-assisted-tunneling (TAT)
current at low voltage (electric field) shows weak temperature
dependence, weaker electric-field-dependence than P–F cur-
rent, and a very prominent “knee” feature due to a significant
change of – slope in the case of the transition from TAT
to P–F emission [2]. The aforementioned features are in good
agreement with – characteristics in Fig. 5, indicating that
the leakage current at low electric field likely includes the
TAT contribution.
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TABLE I
COMPARISON OF THE HfO –Al O LAMINATE MIM CAPACITOR WITH HfO AND Tb-DOPED HfO MIM CAPACITORS

Fig. 5. J–V characteristic of the 13-nm laminate MIM capacitor as a function
of temperature.

Fig. 7(a) shows the evolution of leakage current during CVS
for 13-nm laminate. It can be found that the leakage current re-
duces swiftly at the beginning of stress, followed by a gentle
decrease with stress time. In respect of the fresh capacitor, the
leakage current decreases by about 38% with increasing stress
time to 1500 s under 4 V stress. Subsequently, the stress voltage
is removed and the device is kept at zero bias for 10 h, and then
the leakage current is remeasured under the same voltage stress.
As shown in Fig. 7(a), the leakage current at the starting point
is remarkably recovered after 10 hours interruption, i.e., to 94%
of the original. This indicates that charge trapping and detrap-
ping occur in the laminate MIM capacitor [23]. On the other
hand, the quick decrease of leakage current at initial times under
CVS suggests the creation and charging of traps occur mostly
near the interface of dielectric/electrode [24]. Fig. 7(b) shows
the characteristics of leakage current versus stress time for the
13-nm laminate under different CVS. When the stress time sur-
passes a critical point, the leakage current exhibits a sudden rise,
which is a typical characteristic of hard breakdown. To measure
the current dependence on biasing voltage and time, the applied
voltage varies from the negative voltage to the positive voltage
and back, and the corresponding current is shown in Fig. 8. It
is noticed that – curves exhibit a good symmetry for posi-
tive and negative polarities, which is ascribed to a symmetrical
structure of the current MIM capacitor different from MOS ca-
pacitor with SiO /Al O gate stacks [25]. Furthermore, from
Fig. 8 cusps are observed where the current crosses zero, and
indicate the size of the hysteresis loop and transient conduc-
tivity [26]. It can be found that the laminate MIM capacitor ex-
hibits the similar hysteresis under both biasing directions due
to charge trapping. In addition, the cumulative probability plots
of breakdown voltage are indicated in Fig. 9 for different thick-

Fig. 6. (a) Plot of ln(J=E) versus E as a function of temperature together
with the linear fitting for the 13-nm laminate MIM capacitor. (b) The plot
of ln(J) versus E as a function of temperature, where the inset graph is
Schottky emission fitting for 22 C.

ness laminate MIM capacitors. In the case of 50% probability of
failure, the breakdown voltages corresponding to the 13-, 31-,
and 43-nm laminate MIM capacitors are respectively equal to
7.6, 17.8, and 25.6 V, i.e., the corresponding breakdown field is
about 6 MV/cm.

C. Effect of Frequency, Temperature, and Constant Voltage
Stress on VCCs

VCCs are very important parameters for MIM capacitor
applications, and can be obtained by fitting the measured
data with a second order polynomial equation of

, where is the zero-biased capacitance,
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Fig. 7. (a) Characteristics of leakage current versus stress time under 4-V stress
for the 13-nm laminate MIM capacitor, and the inset shows the corresponding
curves in linear scale (solid square and open round represent the as-stressed and
restressed after an interruption of 10 h, respectively). (b) Typical breakdown
characteristics of the 13-nm laminate under different CVS.

Fig. 8. J–V measurements showing the hysteresis loop of the 13-nm laminate
MIM capacitor.

and represent the quadratic and linear voltage coefficients
of capacitance, respectively. Fig. 10(a) shows bias-dependent
normalized capacitance fitted by the abovementioned
equation and the resulting VCCs as well. Obviously, decreases
with increasing the laminate thickness. In the case of the
13-nm laminate MIM capacitor, is equal to 211 ppm/V
at 1 MHz, which can easily meet RF capacitor requirement
(1000 ppm/V) [18]. Moreover, electric field dependence
of is also presented in Fig. 10(b), showing a very

Fig. 9. Cumulative probability dependent on breakdown voltage of the MIM
capacitors with different thicknesses of laminate.

Fig. 10. (a) Voltage-dependent normalized capacitance (�C=C ) at 1 MHz
for the 13-, 31-, and 43-nm laminate capacitors, fitted by a second-order
polynomial equation. (b) Corresponding plot of �C=C versus electric
field (E).

similar dependence of on regardless of the dielectric
thickness. In addition, the effect of the applied frequency on

is also demonstrated in Fig. 11. It can be noticed that
logarithmic decreases linearly with a logarithmic
increase in frequency, while maintaining a similar slope in
spite of the laminate thickness, i.e., decreases by about
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Fig. 11. Frequency dependence of � for the 13-, 31-, and 43-nm laminate
capacitors, showing a linear fitting in log–log scale.

30% when the applied frequency increases from 10 kHz to
1 MHz. Furthermore, we plot versus thickness as well as
capacitance density, as shown in Fig. 12. It is found that
linearly decreases with increasing the thickness of laminate in
log–log scale, exhibiting a similar slope despite of the applied
frequency. Similarly, the linear dependence of on capacitance
density is also observed in a log–log scale (see the inset in
Fig. 12). However, does not exhibit the aforementioned
frequency and thickness dependences. The foregoing results
reveal that is correlated with the applied frequency and
dielectric thickness. The frequency dependence of can be
explained as the change of relaxation time with different carrier
mobility in insulator, and the thickness dependence of is
an intrinsic property due to electric field polarization [27].

For temperature coefficient of capacitance (TCC), we have
measured – characteristics of the laminate MIM capacitors
at 100 kHz as a function of temperature. The TCCs for all the
three laminates are observed to be smaller than 200 ppm/ C, and
the TCC for the 13-nm laminate capacitor is 182 ppm/ C. Mean-
while, temperature dependences of VCCs are also analyzed, as
presented in Fig. 13. It is indicated that the increases lin-
early as a function of the temperature, and the slope becomes
smaller with increasing the laminate thickness. This suggests
that the thinner laminate has stronger temperature dependence.
On the other hand, logarithmic absolute value of re-
duces with the temperature. Similarly, the variation of with
temperature is more remarkable for the thinner laminate.

In the case of 13-nm laminate of our interest, the VCCs de-
pendence on CVS have been investigated. Fig. 14 shows stress
time dependences of normalized VCCs ( and ) under
CVS with different frequencies. Noticeably, decreases and
increases with stress time at each frequency. Additionally, it is
noted that the variations of and at the beginning of stress are
large, subsequently following small changes. The trend accords
with the evolution of leakage current under CVS in the inset of
Fig. 7(a) due to charge trapping. Fig. 15 illustrates the effects
of different CVS on capacitance and VCCs. It can be observed
that the capacitance of the MIM capacitor increases with CVS,
and the magnitudes of VCCs decrease. The increase in capac-
itance is correlated with the generation of new dipoles in the
dielectric due to charge trapping, hereby modulating the dielec-
tric constant [28], and higher CVS can cause more charge trap-

Fig. 12. Laminate thickness dependence of � at 10 kHz, 100 kHz, and 1 MHz
with a linear fitting in log–log scale, where the inset shows a linear dependence
of � on capacitance density in log–log scale.

Fig. 13. Temperature dependences of � and � at 100 kHz for the 13-, 31-, and
43-nm laminate capacitors

Fig. 14. Dependence of �=� on stress time at 10 kHz, 100 kHz, and 1 MHz.
The inset shows stress time dependence of �=� at the same frequencies. �
and � represent the data before voltage stress, � and � denote the data after
different time stress.

ping at deep traps [24], accordingly leading to larger increase
in capacitance, as shown in Fig. 15. Additionally, the carrier
mobility becomes smaller under CVS, leading to a higher re-
laxation time and smaller VCCs [27]. Table II summarizes vari-
ations of VCCs and leakage current under different measuring
conditions. In comparison with the prestressed device, the re-
sulting VCCs and leakage current reduce after CVS for 1500 s.
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Fig. 15. C–V characteristics of the 13-nm laminate MIM capacitor under
different CVS, and the corresponding VCCs are also presented.

TABLE II
VCCs AND LEAKAGE CURRENT UNDER DIFFERENT CONDITIONS FOR THE

13-nm LAMINATE MIM CAPACITOR (MEASUREMENT TEMPERATURE: 22 C;
FREQUENCY: 100 kHz; CVS: 4 V; area: 1� 10 cm )

After interruption of CVS for 1 h, the resultant VCCs are re-
covered observably together with the leakage current, which
should be attributed to charge detrapping after electrical stress
removing. In a word, the consistent variations of VCCs and
leakage current further reveal that the VCCs are likely related to
charge trapping and detrapping in the dielectric under and after
electrical stress.

IV. CONCLUSION

MIM capacitors using ALD HfO –Al O laminate are
fabricated and characterized for RF and mixed-signal appli-
cations. The laminate capacitor can offer high capacitance
density (12.8 fF/ m ) up to 20 GHz, low leakage current
( A/cm at 2 V and 125 C), breakdown electric
field of MV/cm, small linear VCC (211 ppm/V) and TCC
of 182 ppm/ C. In addition, the HfO –Al O laminate exhibits
seemingly P–F emission at high electric field, and the leakage
current at low electric field likely results from both Schottky
emission and TAT contributions. Besides, exhibits a linear
decrease with frequency and dielectric thickness in log–log
scale, respectively. The decreases of VCCs and leakage current
under CVS and then the increases after CVS should be ascribed
to charge trapping and detrapping.
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