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High-Density MIM Capacitors
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Abstract—The authors have obtained good MIM capac- 10°
itor integrity of high-capacitance density of 10 fF/um? using  ~
high-« AlTaO, fabricated at 400°C. In addition, small voltage g .
dependence of capacitance ok 600 ppm (quadratic voltage g 1077
coefficient of only 130 ppnyV?) is obtained at 1 GHz using }'.
their mathematical derivation from measured high-frequency S a
parameters. These good results ensure the high-AlTaO, MIM 3 1077
capacitor technology is useful for high-precision circuits operated €
at the RF frequency regime. 2 10°
Index Terms—Capacitor, dielectric constant, frequency depen- 3
dence, highx, MIM, RF. S 16nm . 21nm
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CCORDING to the ITRS roadmap, the continuously in 16 412 -08 -04 00 04 08 12 16
creasing MIM capacitor densityr/t4[1], [2] is required Voltage (V)

to achieve a smaller chip area and lower IC cost. Thus, searching ) o _

for proper highw dielectrics [3]-{11] is the primary chalIengei':s'%'plbIi o gggg?ﬁtg?ztlfst?gc}g and 21 nm AITaMIM capacitors. \oltage
because decreasing dielectric thicknelsd will increase the

unwanted leakage current exponentially. The other challenge
is how to achieve the small voltage dependence of capacitance ) ) ) ] o
AC/C or quadratic voltage coefficient that is the key factor for After growing 500-nm isolation Si9on 4-in Si wafers, the

a precision analog capacitor [7], [8]. In addition, to measure thottom Pt—.T| metal electrode and transmission line are formed.
AC/C at RF frequency is highly desired because the operatig en, a thin Al:Ta (1:6) layer was deposited by physical vapor

speed of the circuit using a precision MIM capacitor is increas Haporatlon on the bottom Pt-Ti, followed by subsequent oxi-

. . . . dation for 45 min and annealing for 15 min at 400 to form
to gigahertz as continuous technology evolution. Previously, we

have shown a relatively high capacitance density of G.fF high-x AlTaO,.. Two AlTaO, thicknesses of 16 and 21 nm are
using highs Al,O; with good MIM capacitor integrity [9]. In measured by an ellipsometer. The motivation for adding Al into

. : ; _AlTaO,. is to achieve good capacitor integrity with /&3 di-
this paper, we have further increased the capacitance dens'%l@ctric [7], [9], [10]. Finally, Al metal was used for both top
10 fF/um? using highx AlTaO,.. In addition, we also found that lant )

) capacitor electrode and transmission line with/s0x 50 ym
the AC/C decreases by orders of magnitudedtd00 ppm as an4citor area. The AITaQMIM capacitors were characterized

increasing frequency into the gigahertz regime, using our mam; HP4284A LCR meter from 10 KHz to 1 MHz and mea-

ematically derivedAC'/C from high-frequencys parameters. gred byS parameters using an HP8510C network analyzer

The smallAC/C at RF frequency ensures this MIM capacitofrom 200 MHz to 30 GHz followed by standard deembedding

technology is useful for high-precision circuits at this frequengyom a dummy device [10]-[15]. Additionally, the transmission

regime. line with the same length without a capacitor is used for deem-
bedding the parasitic transmission line related substrate loss
[13], [14].
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Fig. 2. C-V characteristics of (a) 16- and (b) 21-nm AlITa®IIM capacitors 1.0
at different frequencies from 10 kHz to 10 GHz. The voltage is applied to the
bottom Pt electrode. Measured area ig&0 x 50 pm. (b)

Fig. 3. Measured and simulate®l parameters of (a) 16- and (b) 21-nm
. ) . AlTaO, MIM capacitors. Figure is the equivalent circuit model. Deembedded
much better than the previous AlTjOcase [9]. A possible s parameters from transmission line are also shown.

reason may be due to the larger energy bandgap f@sthan

TiO,[16]-{18]. meter, we have measured ti$%e parameters up to 30 GHz.
Fig. 2(a) and (b) depicts the-V' characteristics andC/C'  Fig. 3 shows the measured and modeledparameters for

for AlTaO, MIM capacitors, with physical thickness of 16 andy|Ta0, MIM capacitors. The insert figure is the equivalent

21 nm, respectively. High-capacitance densities of 10.3 apglcuit model, whereRg, Lg, Rp, and C are the parasitic

7.2 uF/cnt are measured for respective thickness devices gitries resistor, parasitic series inductor, parallel resistor, and

100 KHz and a: value of 18 is obtained. It is noticed that thezapacitor, respectively. Good matching between measured and

AC/C is worse for thinner AlTaQ thicknesst, although it modeledS parameters is obtained for AITaQvIM capacitors

gives a highet’ from o /tq4. Using the Al electrode also givesyith two different thicknesses. This indicates the good accuracy

poorerAC'/C than Pt, which has the same trend as the highgf the physically based model. TheC/C at RF frequency

leakage current shown in Fig. 1. The measured temperatig&hown in (1), which can be obtained by differentiating the
coefficient of capacitance (TCC) is also higher at thinngneasuredss,;[19] shown in (2)
thickness, with TCC values of 564, 333, and 255 pp@ for

16 nm device and 356, 237, and 156 p{3@ for the 21-nm AC  Zo(2 + 2%)2 . 1 \2

device for 10 KHz, 100 KHz, and 1 MHz, respectively. It is Nol :TWC(R;) + M—(;) A(S21) (D)
noticed that both TCC and\C/C decrease monotonically 9 P

with In(1/C), and comparable values are obtained with pre- So1 = Z )]
vious HfO, data [8] at the sam&/C' by extrapolation. Such 2+ 7 n

exponential dependences of TCC and’/C decrease with . TS
1/C and should have important physical meanings; they are Z =R, + jw(Ls1 + Ls2) + T (3)
currently under investigation. P gwe

To further study theAC'/C and high-frequency characteris-Z andZ, in (2) and (3) are the total impedance and character-
tics beyond the measurement capability of the precision LG&ic impedance of the transmission line. The derived/C' at
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Fig. 4. Frequency-dependent capacitance of 16- and 21-nm AITA [8]

capacitors.

[0l
1 and 10 GHz are also shown in Fig. 2. TA€'/C decreases
monotonically by orders of magnitude with increasing fre-[1q
quency from 10 KHz to 10 GHz. This smallC/C' < 600 ppm
(or quadratic voltage coefficient of only 130 ppk) at 1 GHz
suggests the high-AlTaO, can be useful for a high-precision [17)
MIM capacitor and circuits [20] at this frequency regime.

Fig. 4 shows the frequency-dependent capacitance reducticl)Pz]
for the high« AlTaO, MIM capacitor. A small capacitance re-
duction of 5% is obtained from 10 KHz to 30 GHz. The larger
capacitance value at a low frequency of 10 KHz, in combina
tion with the fastAC/C reduction at higher frequency, suggests
the mechanism may be defect-related because the slow trajg]
may not have enough speed to follow the high-frequency sig-
nals [13], [14], [21]. However, the small capacitance reduction
high-capacitance density and smAlC'/C' < 600 ppm fit all  [15]
the requirements for a MIM capacitor at RF frequencies.

[13]

[16]
IV. CONCLUSION

1

We have achieved high 10 fem? capacitance density and [
smallAC/C < 600 ppm at 1 GHz using high-AlTaO,. pro-

cessed at 400C. The good device integrity should find appli-

. . I . . (18]
cation for precision circuit at high frequencies.
[19]
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