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High-Density RF MIM Capacitors Using High-k La,0O4
Dielectrics
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The integrity of the metal-insulator-met@IM) capacitor with highk La,O5 dielectrics formed using a 400°C back-end process

was investigated. A very high capacitance per unit area of 92niFwas achieved for L#D; MIM capacitors at 1 MHz,
significantly reducing the chip size of radio frequeridy circuits. A mathematical derivation, involving measu®&darameters,

yielded the small voltage-dependent capacitarx®/(C) < 100 ppm at 1 GHz, indicating that the precision capacitor circuit can

be applied in the rf regime. Furthermore, such a high capacitance density can be maintained as the frequency is increased from 10
KHz to 20 GHz with a largeQ factor =90.
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As the very large scale integratigi'LSI) technology continues using an HP4284A precision inductor-capacitor-resistb€R)
to be scaled down, both the cutoff frequerfgyand the device size  meter at frequencies from 10 KHz to 1 MHz, and parameters
of radio frequency(rf) metal-oxide-semiconductor field-effect tran- were measured using an HP8510C network analyzer at frequencies
sistors(MOSFETs)are improved, allowing them to be used in wire- from 200 MHz to 20 GHz. Standard de-embedding was performed,
less communicatiofi3 However, the chip size and cost of rf circuits and a through transmission Iffe*was also de-embedded to reduce
cannot be greatly scaled down because nonscaled passive rf devictise parasitic series inductance to cause resonance.
usually occupy a larger area than active MOSFETs. Among various . .
passive devices, metal-insulator-met@iM) capacitor§!! are Results and Discussion
widely used in rf circuits for impedance matching and direct current  pc |eakage current characteristies-Figure 1 plots the leakage
(de)filtering; they occupy a large fraction of the circuit area. Hence, . rrent densitws. voltage (J-V) characteristics of LgD; MIM ca-
a higher capacitance per unit area is required to reduce size and coffacitors. The leakage current falls rapidly as the thickness of the
Since the capacitance density of a MIM capacitor eqagsty, the  gielectric increases, because of electron tunneling. The asymmetry
use of a metal oxide with a high dielectric _Consté{)f and the o the 3.V characteristic at different polarity bias voltage follows
reduction of the thickness of the dielectrie;( are methods for  from the different work functions of the top Al and bottom Pt elec-
increasing the capacitance density. However, the use of akligh-i.oqes. The leakage current density of 22 nQgcapacitors at-1
dielectric is preferred because reducifygexponentially increases \/is <1075 A/lem2. The relatively high leakage current is measured

the capacitor leakage current density and the loss-tangent due ty La,O3 because of simple fabrication process. The results obtained

electron tunneling. As well as having a highersuch dielectrics , . . 15

must be of good quality with low defect density related Ieakagefqr the authors’ previously made AITa@/IM capacitor were also

current when formed at 400°C and used for the VLSI back-endh'hghe.r tr|1an thoze for ':h?-(,g?(s;\‘?g;wngy advan::hed atomlqt-layer
: . chemical-vapor-depositio . However, the capacitance

process integratiotf The authors have already demonstrated the density plotted in Fig. 2 is very high, 9.2 {E#? so the leakage

g_ocl)d trf_ psale;r’flce)vrlrgl_?ﬁpe of kh;gkt-hAI 205 (k ~ 9;.123_ aréd QI'I;aQ current density is still sufficiently low to be used in rf circuits. The
1electrics. IS work Turther examines higr-L.a,0; dielec- leakage current density can be further reduced using advanced

tr_ics from interr_nediate to rf frequen_cies. Theztlg dielectric pro- ALCVD. For a typical, large capacitor of 10 pF used in rf cir-
w_des theSlszpemaI advantage of having a h|ghe>|nan other high-k cuits, leakage currents of under 0 A were obtained, comparable
dielectrics.” The voltage-dependent capacitance charge/C) of or even slightly lower than the leakage currents in deep submi-
La,0O; capacitors decreases rapidly to a small vaiE00 ppm as  crometer MOSFET&# Notably, as VLSI technology continues to be
the frequency is increased into the gigahertz regime. Hence, thesgzaled down to the 90 nm node, the operating voltage of the circuit
high-k dielectric capacitors can be used in precision circuits at rfg)|5 only to 1.2 \2* This lower operating voltage and higher oper-
frequencie®’ with a largeQ factor =90. ating speed of MOSFETSs and circuits are important advantages that
reduce the energy-delay product. The lower operating voltage also

) ] ) ) ] helps to increase the capacitance density of MIM capacitors without
MIM capacitors were fabricated using 4 in. p-type Si wafers. A the need for very thick dielectrics.

500 nm layer of isolation-oxide was first deposited on Si wafers to

integrate the highecapacitors into the VLSI back-end process. The  C-V characteristics at intermediate frequencies from 10 KHz to

bottom electrode of the MIM capacitor was formed on the isolation- 1 MHz—For precision analog circuit applications, MIM capacitors

oxide using Pt/Ti bilayer metals. The bottom electrode was alsomust be effective over a wide range of frequencies. Figure 2 plots

patterned to generate the coplanar transmission line for rf measurdhe capacitance densitss. voltage (C-V) characteristics of L#D;

ments. Then, higlk-La,0; was formed by depositing La metals on MIM capacitors. At 1 MHz, high capacitance densities of 9.2 and

the Pt electrode, oxidizing at 400*Tfor 45 min, and then annealing 6.9 wF/cn? are measured for L®; capacitors with physical thick-

for 15 min. The above process meets the low thermal budget renesses of 22 and 29 nm, respectively. The corresporklivejues

quirement of current VLSI backend integration.,a dielectrics are 23 for LaO; dielectrics.C-V data at over 1 MHz are derived

with thicknesses of 22 and 29 nm were formed. Then, Al metal wasfrom measured parameters and equivalent circuit models, consid-

deposited on the high-dielectrics, and patterning to form the top ered in a later section.

electrode of the MIM capacitor and the coplanar transmission line  The capacitance variation, voltage-dependent capacitance

for rf measurements. The typical area of the MIM capacitor was(AC/C), is important in precision circuit applications, &€/C is

50 X 50 wm. The properties of the L®; capacitors were measured determined from the plotte€-V measurements. Figure 3a and b
plot AC/C for La,O3 MIM capacitors, with physical thicknesses of
22 and 29 nm, respectively. TheC/C data below 1 MHz are taken

2 E-mail: achin@cc.nctu.edu.tw from the C-V plot in Fig. 2, while those above 1 MHz are taken

Experimental
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Figure 1. J-V characteristics of MIM capacitors with 22 and 29 nm,Qa
dielectrics. Asymmetry of-V and breakdown voltage are related to the large
difference between the work functions of Pt and Al.

from the measure& parameters shown below and from the authors’
previously derived equatiort§. The asymmetry of theAC/C is

caused by the difference between the top Al and bottom Pt elec-

trodes, as in the case of the asymmetry in dh¥ characteristics,
plotted in Fig. 1. Notably, althoughC/C is high at 10 KHz, it falls
dramatically to a value of~100 ppm as the frequency is increased
to above 1 GHz. Notably, thAC/C results are better than were
obtained for AlTaQ,*® and important for analog circuit matching.

Figure 4 plotsA C/C and quadratic voltage coefficient, against
frequency to elucidate further the frequency dependenck@fC
and relatedx. The relationship betweanandAC/C is expressed as
follows

AC/IC = aV2 + BV [1]
The termp is the linear voltage coefficient, and is less important
thana according to the circuit cancellation meth®Again, AC/C
and « fall monotonically as the frequency is increased. Small
AC/C < 100 ppm andx < 130 ppm/\f are obtained as the fre-

F163

10000

1000

ACIC (ppm)

100

10000

g

ACIC (ppm)

g

quency is increased into the gigahertz regime, implying that the

high-k MIM capacitors can be used in precision circuits at operating
frequencies into the gigahertz regime. HighfO, MIM capacitors
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Figure 2. C-V characteristics of MIM capacitors with 22 and 29 nm,0a
dielectrics at various frequencies.

(b)

Figure 3. AC/C of (a) 22 and(b) 29 nm LgO; MIM capacitors as func-
tions of applied voltage at various frequencies.

also exhibit decliningAC/C and a as the frequency rises to 1
MHz;?° a possible mechanism for this frequency dependence is the
change in the relaxation time in the higtdielectric, since the car-
riers inside the highk dielectric cannot follow the switching signal
at very high signal frequencié8 This model also explains the con-
tinuous decrease iAC/C anda as the frequency increases into the
gigahertz regime. Notably, the current rf circuits presently used in
wireless communication are in the gigahertz regif®@®-1.9 GHz

for handset, 2.4 GHz for Bluetooth, 5.2—5.7 GHz for wireless LAN,
and 3.1-10.6 GHz for ultrawide bandHence,AC/C in the giga-
hertz regime is extremely important in both current and future rf
communication.

Weak dependence of capacitance on temperature is also an im-
portant factor in circuit application. Figure 5 plots theC/C of
La,O; MIM capacitors as functions of temperature. The
temperature-dependeAtC/C declines as frequency increases, in a
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Figure 4. AC/C anda of La,0O3; and AlTaQ, MIM capacitors as functions
of frequency.

-1.0
manner consistent with Fig. 3. TheC/C increases with tempera- (a)
ture, exhibiting the same trend as other dielectric capacitors pub-
lished in the literaturé.
S-parameters and rf analysis from 200 MHz to 20 GHZhe 1.0

La,0, 29 nm
measured —8—
simulated —o—

maximum frequency at which conventiora}V measurements can
be made using a precision LCR meter is only 1 MHz; the capaci-
tanceC andAC/C at rf frequency must be extracted from measured
Sparameters. Figure 6a and b plot the meas@pdrameters of 22
and 29 nm LaO5; MIM capacitors, respectively. Figure 7 shows the
equivalent circuit model for MIM capacitors. Figure 2 and 3 also
present extracte@€ and derivedAC/C using our previously pub-
lished equations and measur8garameters at 1 and 10 GHz. The
AC/C decreases monotonically by orders of magnitude as the fre-
quency is increased into the gigahertz frequency regime and is suf
ficiently low to support high-precision circuit applicatiéfsn this
frequency regime.

Figure 8 plots the LgO; MIM capacitance densitiess. fre-
qguency. The intermediate frequency data are obtained directly fromr
C-V measurements. The capacitance values at rf frequencies ar
extracted from the well-matched measured and modgledram-
eters in Fig. 6a and b. L&®; MIM capacitors exhibit a small drop in
capacitance as the frequency is varied from 10 KHz to 20 GHz,
indicating the excellence of higk-dielectrics formed at the low
temperature of 400°C.

Figure 9 plots the dependence of tQefactor on frequency for
high-k La,O; MIM capacitors, whose parasitic inductance was de- (b)

0

Figure 6. Measured and simulatel parameters ofa) 22 and(b) 29 nm

80000 La,O; MIM capacitors.
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Figure 7. Equivalent circuit model used to simulate MIM capacitor in the rf
Figure 5. AC/C of La,0O; MIM capacitors as a function of temperature. regime.
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Figure 8. Frequency-dependent capacitance ofQaMIM capacitors with
two dielectric thicknesses.

embedded in the through transmission line. The de-embe@ed
factor is high,=90, up to a resonant frequency ©fL0 to 12 GHz.

The Q factor decreases as the thickness of the dielectric falls be- £
cause the resistor loss parallel to the capacitor body falls, due to theg,

larger leakage current, as indicated by fh¥ characteristics.

Conclusions

High-k La,O5 dielectrics were processed at 400°C to achieve a

high capacitance density of 9.2 ffh? and a lowAC/C < 100

ppm at 1 GHz. A high capacitance per unity area can be maintained

from 10 KHz to 20 GHz, with a larg€ factor =90. The good rf
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Figure 9. Quality factor of LgO; MIM capacitors as a function of fre-
quency.
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device integrity of high-density L®; dielectric MIM capacitors
can greatly reduce the chip size of rf circuits and is useful in preci-
sion circuits at high frequencies.
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