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Abstract—We have developed novel high-< Ir/TiTaO/TaN ca-
pacitors which have high-capacitance density (10.3 fF/zm?), small
leakage current at 2 V (1.2 X 108 A/cm?), and low voltage lin-
earity of the capacitance (89 ppm/V?2). These excellent results meet
the ITRS roadmap requirements for precision analog capacitors
for the year 2018. The good performance is due to the very high
(45) achieved in the TiTaO dielectric and the high work-function
(5.2 eV) provided by the Ir electrode.

Index Terms—TiTaO, Ir, MIM, analog, ITRS.

I. INTRODUCTION

O ACHIEVE continuing improvements in mixed signal

and RF IC performance, the sizes of both the active
MOSFETsS and the passive MIM capacitors [1]-[16] need to be
scaled down. The technology challenge for the MIM capacitor
is to achieve high capacitance density, low leakage current and
small voltage linearity of the capacitance simultaneously [17].
To meet these device requirements, the use of high-« dielectrics
for the MIM capacitors is the only viable choice. This is be-
cause decreasing the dielectric thickness (tq) needed for high
capacitance density (egr/tq) increases the leakage current and
degrades the capacitor’s voltage linearity. In this paper, we
report novel Ir/TiTaO/TaN capacitors which show high-capaci-
tance density, small leakage current, and low voltage linearity,
simultaneously. The TiTaO dielectric capacitors also show
good thermal stability, such as low leakage current after a
400 °C thermal cycle associated with its backend process.
This contrasts with TiO4 dielectric capacitors which give high
leakage current after 400 °C processing [16]. The excellent
device performance arises from using the very high-x TiTaO
dielectric (x = 45) and high work-function Ir (5.2 eV). These
are the first results that meet all the ITRS roadmap requirements
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Fig. 1. C-V characteristics of Ir/TiTaO/TaN TiTaO MIM capacitors.

for analog capacitors in the year 2018—10 fF/um? capacitance
density, leakage current <5.8 fA/[pF-V], and capacitance
voltage linearity <100 ppm/V? [17].

II. EXPERIMENTAL PROCEDURE

After depositing 2-pm SiO5 on a Si wafer, the lower capacitor
electrode was formed using sputter-deposited TaN (50 nm)/Ta
(150 nm) bilayers. The Ta was used to reduce the series resis-
tance of TaN (3-m{2-cm resistivity). The TaN is needed to serve
as a barrier layer between the high-x TiTaO and the Ta elec-
trode. If TaN is too thin, the underneath Ta will be oxidized to
form isolating TaO dielectric; if too thick, the series resistance
will increase. An isolation SiOy was deposited by PECVD and
patterned by RIE etching to define the capacitor, with size of
20 pm x 20 pym. Then TiyTa; O (x ~ 0.6) dielectric was
deposited by PVD, followed by a 400 °C oxidation and 0.5-h
annealing step at oxygen ambient to reduce the leakage current.
Different TiTaO thicknesses of 41 and 28 nm were used to study
the voltage linearity in the devices. Finally, Ir (30 nm) was de-
posited and patterned by liftoff process to form the top capac-
itor electrode, although it can be etched by RIE too. The using
Ir has additional merit; low resistivity (50 p$2-cm) is still ob-
tained even annealing under oxygen ambient to form IrO5 [18].
No mechanical stress caused peering was found for this capac-
itor. The fabricated devices were characterized by C-V and J-V
measurements.

III. RESULTS AND DISCUSSION

Fig. 1 shows the C-V characteristics of high-« Ir/TiTaO/TaN
MIM capacitors. Capacitance densities of 10.3 and 14.3 fF/ym?
were measured for the 41 and 28 nm TiTaO dielectric devices,

0741-3106/$20.00 © 2005 IEEE
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Fig. 2. (a) J-V characteristics of Ir/TiTaO/TaN MIM capacitors. (b) Band
diagram of the Ir/TiTaO/TaN MIM structure. The leakage current is lower
when electrons are injected from the top Ir electrode than from the lower TaN
electrode.

which give capacitance-equivalent thicknesses (CET) of 3.4 and
2.4 nm, respectively. A high-« value of ~45 was obtained from
the measured capacitance density in the TiTaO dielectric. The
ITRS requirement for analog capacitors, by 2018, is a density
of 10 fF/um?2, along with low leakage current and capacitance
voltage linearity.

Fig. 2(a) shows the .J-V characteristics of Ir/TiTaO/TaN
MIM capacitors with 3.4 and 2.4 nm CET. High breakdown
voltages of 14 and 20 V were measured for the 10.3 and 14.3
fF/um? density device, well above values required for most
analog function applications. The lower leakage current for
electrons injected from the top Ir electrode, compared with the
lower TaN electrode, is due to the higher work-function of Ir
compared with TaN, as shown in the energy band diagram in
Fig. 2(b). The low leakage current of 1.2 x 107® A/cm? at 2V,
or 5.8 fA/[pF-V], obtained for the 10.3 fF/um? density device,
meets the ITRS-required low leakage current of <7 fA/[pF-V]
[17]. Such a low leakage current is due to the amorphous
structure of the TiTaO being preserved, even after the backend
processing involving 400 °C oxidation and Ny annealing for
30 min [Fig. 2(a)]. This was confirmed by X-ray diffraction
measurements. Further improving the leakage current by op-
timizing the composition x in TiyTa; O and trading off the
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Fig. 3. (a) AC/C-V and (b)AC/C-1/C plot for It/TiTaO/TaN MIM
capacitors.

capacitance density is needed for different system-on-chip
application.

For analog capacitors, a low-capacitance voltage linearity is
important. Fig. 3(a) shows a AC/C-V plot for Ir/TiTaO/TaN
MIM capacitors with 10.3 and 14.3 fF/um? density. The AC/C
decreases rapidly with decreasing capacitance density from 14.3
to 10.3 fF/um2, which is consistent with the decreasing trend
of the leakage current, as shown in Fig. 2(a). We obtained a
quadratic voltage linearity (o) of 89 ppm/V? for the capaci-
tance, and a first order voltage linearity (3) of 178 ppm/V. These
are the lowest reported values [1]-[16] needed to meet the 10
fF/um? density for analog capacitors, as specified in the ITRS
roadmap. Fig. 3(b) shows the variation of « as a function of CET
or 1/C. We note that the effect of § can be cancelled by cir-
cuit design. An exponential decrease of « with increasing CET
or 1/C was observed for all the TazO5, HfO, Tb-doped HfO,,
and I1/TiTaO/TaN capacitors [2], [7], [8]. This may be due to the
trap-related leakage current that has the exponential dependence
with CET [6]. For the same CET or capacitance density value,
the TiTaO device has the lowest a—this is due to the high &
value of 45 which exceeds the k ~ 22-25 values for HfO5 and
Tay05. We note that the exponential decrease with increasing
1/C is important when designing capacitors to meet different
requirements.
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TABLE 1
COMPARISON OF VARIOUS HIGH-x CAPACITORS. ALL THE REQUIREMENTS OF THE ITRS ROADMAP AT 2018 ARE SATISFIED BY THE Ir/TiTaO/TaN CAPACITOR
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ITRS @ 2018| Ta,0s [2] [Tb-HfO, [8]| HfO, [7] This work
C Density
. . . _ 4.
(Flum) 10 9.2 133 12.8 103 143
| (Ader? ] 2x10° | ix107 | 8x107 [ 1.2x10% | 2x107
(Alem’) (1.5V) V) @av) ev) | v
J(C*V)
<7 145 @1.5V] 38 @2V | 29 @2V |58 @2V| —
(FA/[pF-V])
a@emV) [ o 3580 2667 1990 89 634
B (ppm/V) 2060 332 211 178 414

Table I summarizes the important device parameters for the
analog capacitors. The high capacitance density, low leakage
current at 2 V and low voltage linearity meet all the require-
ments described in the in the ITRS roadmap for analog ca-
pacitors. Such excellent capacitor device performance is due
to the very high « of 45 in the TiTaO dielectric, and the high
work-function Ir electrode. Further improving the RF quality-
factor (Q = 1/wRC) by using a stacked Cu/TaN-barrier/Ir top
layer is needed to reduce series resistance. Note that there will
be little impact for integrating Ir on back-end process due to
low diffusion at low temperature, although high-work function
IrO2 metal-gate p-MOSFET [18] may be more challenging in a
high-temperature front-end process.

IV. CONCLUSION

By using a novel high-x TiTaO dielectric and a high work-
function Ir electrode, we have achieved excellent MIM capacitor
performance, which meets the ITRS roadmap requirements for
precision analog capacitors needed by 2018.
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