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Very High Density RF MIM Capacitors (17 {F / um?)
Using High-x AloO3 Doped TasOr Dielectrics

M. Y. Yang, C. H. Huang, Albert Chin, Senior Member, |EEE, Chunxiang Zhu, B. J. Cho, Senior Member, |EEE,
M. F. Li, Senior Member, |EEE, and Dim-Lee Kwong

Abstract—Using high-x Al,O3; doped Ta,O5 dielectric, we
have obtained record high MIM capacitancedensity of 17 fF / pum?
at 100 KHz, small 5% capacitance reduction to RF frequency
range, and low leakage current density of 8.9 x 10~7 A/cm2.
In combination of both high capacitor density and low leakage
current density, a very low leakage current of 5.2 x 10712 A is
calculated for a typical large 10 pF capacitor used in RF IC that
is even smaller than that of a deep sub-zem MOSFET. This very
high capacitance density with good MIM capacitor characteristics
can significantly reduce the chip size of RF ICs.

Index Terms—Capacitor, dielectric constant, frequency depen-
dence, high &, MIM, RF.

I. INTRODUCTION

HE MIM capacitors [1]{6] are widely used in RF circuit

for impedance matching and DC filtering which usually
consume a large portion of whole RF IC area. To reduce the
chip sizeand cost, the capacitance density must beincreased. To
achieve higher capacitance density of o /tq in MIM capacitor,
the application of high dielectric constant () material [7]-{13]
is the ideal choice because the reducing dielectric thickness
(ta) will increase the undesired leakage current. In addition,
the proper high- dielectric requires not only higher-x but also
process compatibleto existing VL SI backend technology. Thus,
high quality dielectric must be formed at a very low temper-
ature of 400 °C limited by backend process [11]. Previoudly,
we have reported that high performance RF MIM capacitor can
be achieved using high-x Al, O3 dielectric with relatively high
capacitance density of 5 fI'/um? [13]. In this letter, we have
further increased the capacitance density to 17 fF/um? using
high-x Al>O3 doped Ta>O5. Low leakage current density of
8.9 x 10~7 A/cm? is also obtained. This excellent result sug-
gests the developed high-x MIM capacitor can be used for RF
circuit with largely reduced device size.
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Il. EXPERIMENTAL

For VLSl integration, we have first deposited 500 nm
PECVD SiO, on S substrates. Then bottom €electrode and
RF transmission line are formed using Pt/Ti bi-layer metal. A
second PECV D oxide was deposited for isolation and followed
by patterning the active capacitor area. Thin Al:Ta (1:8) layer
was deposited on bottom electrode, and oxidized at 400 °C
for 45 min to form high-x Al,O3 doped Ta;O5. The formed
high-+ dielectric was further annealed at 400 °C for 15 min
to improve the quality. Two dielectric thicknesses of 11.5 and
14 nm are formed and confirmed by ellipsometer measurement.
The reason for doping Al,O3 into Ta,O; is to preserve the
merit of good MIM capacitor integrity by adding Al, O3 dielec-
tric[10]-{13]. Finaly, Al metal was used for both top capacitor
electrode and transmission line and the formed MIM capacitor
areais 50 um x 50 um. The MIM capacitorswere characterized
by HP4284A precision LCR meter from 10 KHz to 1 MHz and
S-parameters measurement using HP8510C network analyzer
from 200 MHz to 20 GHz. The parasitic pad, series inductor
and resistor in transmission line are de-embedded from a same
line length through transmission line [14], [16].

I11. RESULTS AND DISCUSSION

We have first measured the low frequency characteristics
of high-x AlO3 doped Ta;O; MIM capacitors. As shown
in Fig. 1, record high capacitance density of 17 fI*/um? at
100 KHz is measured for 11.5 nm Al, O3 doped Ta, O3 device
and a x value of 22 is obtained. The equival ent-oxide thickness
(EQT) values for these high density capacitors are calculated
to be 2.0 and 2.4 nm for respective 11.5 and 14 nm physical
dielectric thickness using rsio2e,A/C, where rgioz is the
Si0- dielectric constant. Such small EOT of 2.0 nm without
quantum correction is even suitable for high-x gate dielectric
usage.

Fig. 2 shows the J-V characteristics of Al,O3 doped Ta;O5
MIM capacitors. The asymmetrical J-V and breakdown volt-
ages under positive and negative bias are due to the different
work function of top Al and bottom Pt electrodes. The leakage
current is increased by trading off the increasing capacitance
density, and values of 4.5 x 10~7 and 8.9 x 107 A/cm? are
measured at —2 V for respective EOT of 2.4 and 2.0 nm. For a
typical large capacitor of 10 pF usedin RF I Cs, aleakage current
of only 5.2 x 10712 A iscalculated that is even smaller than the
off-state current of a deep sub-pm MOSFET [17]. Therefore,
the leakage current density is low enough for RF 1C applica-
tion. We have also added the stress effect in the inserted figure.
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Fig. 1. C-V characteristics of (a) 2.0 and (b) 2.4 nm EOT Al,O3 doped
Ta;Os MIM capacitors at different frequencies. The measured area is
50 pm X 50 pm.
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Fig. 2. J-V characteristics of 2.0 and 2.4 nm EOT doped Ta;O5; MIM
capacitors. Theinsert figure is the stress induced |eakage current under £2.5V
stress for 1000 s. The asymmetric J-V and breakdown voltages are due to the
different bottom Pt and top Al electrodes.

The good dielectric reliability can be evidenced from the small
increase of leakage current under a stress condition of £2.5V
for 1000 s.

To further study the RF frequency characteristics, we have
measured the S-parameters up to 20 GHz. Fig. 3(a) shows the
measured (de-embedded) and modeled S-parametersfor Al O3
doped Ta;O5 MIM capacitors, where the modeled datais from
the equivalent circuit model shown in Fig. 3(b). The Rs, Ls,
Rp, and Cinthe model arethe parasitic seriesresistor, seriesin-
ductor, parallel resistor, and capacitor, respectively. Good agree-
ment between measured and modeled data is obtained for both
capacitors with different thickness, which can be used for ca
pacitance extraction.

Fig. 4 shows the frequency-dependent capacitance reduction
and quality (Q) factor for high-x Al,O3 doped TaO; MIM ca
pacitors. The Q-factors are directly from the measured 1/ tan &
for frequency below 1 MHz and calculated from S-parameters
a RF frequencies. The capacitance values at RF frequencies
are extracted from the circuit model where well matched data
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Fig. 3. (&) Measured and smulated scattering parameters of 2.0 and 2.4 nm
EOT Al;O3 doped Ta,Os MIM capacitors and (b) equivalent circuit model
and numerical values of elements for capacitor simulation at RF regime.
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Fig.4. Frequency-dependent capacitance and Q-factor of 2.0 and 2.4 nm EOT
Al, O3 doped Ta,O5 MIM capacitors.

of modeled and measured S-parameters are shown in Fig. 3.
Only asmall amount of capacitance reduction (5%) is obtained
from 10 KHz to 20 GHz that indicates the excellent perfor-
mance for RF application. The Q-factor decreases asincreasing
capacitance density that is due to the higher resistor loss and
consistent with the larger leakage current trend. However, an
average Q-factor of ~40 is obtained for 17 fF /;:m? capacitor
that also suggests the good RF performance. A resonant fre-
guency of ~8 GHz is observed due to the very large capacitor
(42.5 pF) and residual inductance even after de-embedding. The
high capacitor density, low leakage current, small frequency de-
pendence and good Q-factor of Al;O3 doped Ta;O5 MIM ca
pacitors are useful for circuit application at RF frequencies.
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IV. CONCLUSION

We have achieved record high 17 fF /m? capacitance den-
sity, small 5% capacitance reduction to RF frequency range, and
low leakage current of 8.9 x 10~7 A/cm2 using high-x Al; O3
doped Ta;O5 MIM capacitors and processed at 400 °C. This
high capacitance density with good device integrity can greatly
reduce the chip size of RF ICs.
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