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Abstract—The aim of this letter is to demonstrate the pos-  In this letter, spiral inductors with the rectangular and cir-
sibility of building high quality factor ( Q) integrated inductors  cular shape were built using the conventional CMOS process
in the conventional complementary metal-oxide semiconductor on Si wafers with various kinds of resistivities in order

(CMOS) process without any additional processes of previous . . ) . .
papers, such as thick gold layer or multilayer interconnection. to investigate the substrate effect on tQein detail. High

The comparative analysis is extensively carried out to investigate Q performance, _comparable V_Vith a prgyious_ result [4]_1 was
the detailed variation of Q performance according to inductor achieved for the inductors on high-resistivity Si wafers without

shape and substrate by varying the substrate resistivity with any complicated or additional process. With this standard
circular and rectangular shape. The high Q of nearly 12 is CMOS process,f; of 13 GHz and/, of 17 GHz was

achieved from the fabricated inductors with 2:m metal thickness . , :
on the 2 k- cm silicon substrate using the éMos process. normally obtained for nMOSFET's with the gate length of
0.8 um.

Index Terms—inductor, microwave, silicon technology.

Il. INDUCTOR FABRICATION PROCESS

. INTRODUCTION A standard CMOS technology with double-metal TiW/AI-

ITH THE RAPID growth of wireless communication 1%Si/TiW interconnects was used to fabricate various inductor

markets, Si is recognized as a fascinating material structures with rectangular and circular spiral shapes. In this
meet the demands of low-cost, high integration, mature teckierk, geometry dimensions were fixed to be /@ width, 2
nologies [1]. For the silicon radio frequency (RF) integratedm spacing, and inner diameter of 1n. Metal layer for
circuit (IC) applications, the realization of high quality factoinductors was formed by the second metal layer with the total
(Q) inductors is important task to be solved imperativelythickness of 1.1um, consisting of TiW(75 nm)/Al-1%Si(800
but this task is confronted with the challenge of microwavem)/TiWw(220 nm) [5]. Thus, the actual thickness of Al used
performance degradation due to higher substrate losses tf@nCMOS process is much smaller than that for [2] and [4],
GaAs materials [2]. In the early development of inductors amsulting in higher resistance. Inter-metal dielectrics (IMD’s)
silicon substrate, only a few results have been reported [8]as deposited with a thickness of 800 nm. The isolating oxide
because of the difficulty of obtaining higQ on Si wafers. thickness between the first metal and the silicon substrate
Recently, Ashbyet al. described a 2.88-nH inductor with awas about 1.2:m, the same thickness in the conventional
measured peak of 12.1 at 3.3 GHz in a Si bipolar processCMOS process. The substrate was grounded to make the
using a thick gold process and high-resistivity silicon wafénductors operate in CMOS RF IC’s. To find the influence of
(150 ~ 200 ©2-cm) [4]. At the same time, Burghartzt al. substrate resistivity on the inductor microwave performance,
reported 1.95-nH inductors with a pe@kof 9.3 at 4 GHz fab- we use three kinds of 62bm-thick silicon wafers with the low
ricated using the multilevel interconnection metals in BICMOSgesistivity of 4~ 6 €2.cm, medium resistivity of 36- 50 2-cm,
technology [2]. It is very difficult and expensive, howeverand high resistivity of 2 & -cm. To reduce the high metal
to apply these previous technologies with the conventionasistance of our process, the other inductors with TiW/AI-
Si CMOS process. Thus, it is more attractive to obtain higt®6Si multilayer metal of 2um thickness were fabricated by
Q only by increasing the Si substrate resistivity, without angepeating the second metal process twice.
modifications from the existing conventional complementary
metal-oxide semiconductor (CMOS) technology. lIl. RESULTS AND DISCUSSION

Two-port S-parameters were measured on the fabricated
inductors using a HP 8510B network analyzer and Cascade
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Table | shows the number of turngVj, maximum value

FREQUENCY (GHz) of Q (Quax), the frequency at thi® (fqumax), Self-resonant
Fig. 1. The quality factoQ of rectangular (filled mark) and circular (open frequer_1cy fres)_: and fitted mC_JdE_| parameters for various kinds
mark) spiral inductors with various kinds of the substrate resistivity as @f fabricated inductors. This information is very useful to

function of frequency. explain the frequency response @ In Fig. 1, the peak
value of Q increases at higher substrate resistivity. This

Y-parameters. Th€ of the inductor was determined as th&ffect is reasonable because of the reductionigf value
ratio of the imaginary part to the real part of the one-poW'th decreasing the_ resistivity of wafer,_ indicating the rise
input impedance transformed from the measured two-fert of substrate conducting losses. Another important observation
parameters. in Fig. p1 is that the circular spiral inductors have higher peak

Fig. 1 shows theQ values as a function of frequencyand broader profile ofQ than rectangular. inductors. These
for rectangular and circular spiral inductors of eight turn@henomena can be explained by observing the fact that the
fabricated on various kinds of silicon substrate with differefircular inductor has a higher ratio di and Rk calculated
resistivity. To inspect the influence of the metal thicknes&0m Table I than the rectangular one.
the Q value of the rectangular spiral inductor with the metal T0 observe the physical information Giax, fQmax, and
thickness of 2um was also compared with these resultgres With varying N, the values ofQuax, fomax, and fres
The 24:m metal inductor shows the higheStwith the peak &re also listed in Table | with modeleq parameters. With the
value of the 11.5 at 3.3 GHz, which is nearly comparabjcrease ofN, the values ofL and R increase because of
with the reported result using gold process [4]. In this figuré®nger metal length. HoweveRuax, f@max, andfre; decrease
Q increases with the frequency up to the peak value amth_lncreasmgN_, because of larger total area, which is
drops at higher frequencies. This is easily understood by tHgnfirmed Dy the increase &, andC; and the decrease of
fact that the reactance of input impedance dominated by tHe: Shown in Table I. This information becomes very useful
inductance at lower frequencies rolls off at higher frequend§ choose the prope¥ in the frequency range of operation of
due to fringing and substrate capacitances. silicon RF IC design for wireless communications.

To describe the variation of) at different layout and
substrate, the lumped equivalent circuit in Fig. 2 has been
used. In this circuit,L and R represent the series induc- V. CONCLUSION
tance and resistance, respectively; models the fringing  We fabricated the higl) inductors of the rectangular and
capacitance between the metal lin€s. and C> represent circular spiral type on the various kinds of Si substrate with
the capacitance between the metal layer and the groundiifferent resistivity and demonstrated the possibility of the
substrate, and?; and R, model the resistance associatetiigh Q inductor designs even in conventional CMOS double-
with the substrate losses. Model parameters were extractadtal interconnection technology. The highof nearly 12
by fitting the lumped model to the measurédparameters is attained for the inductor with Zum-metal thickness on
using HP-EEsof LIBRA. Fig. 2 shows the comparison betwedhe high-resistivity Si wafer of 2 ®.cm, using only the
the measured and modelé&g for the 2.um metal inductor CMOS process, which is comparable with previous results
on high-resistivity wafer, showing a good agreement. Thissing complex Sitechnology. By modeling these inductors as a
good agreement verifies the accuracy of the lumped-equivalemhped circuit, we extensively analyze the effects of substrate
circuit for inductors. Note that the degradation of fittingesistivity on the frequency dependences@fand confirm
accuracy was found for inductors on low-resistivity waferghat the substrate losses are dominant factor to determine the
which may results in uncertainties in extracted parameters.Q performance of Si inductors.
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TABLE |
SUMMARY OF PERFORMANCE PARAMETERS AND EQUIVALENT CIRCUIT LUMPED-ELEMENT DATA FOR THE VARIOUS KINDS OF SPIRAL INDUCTORS WITH 1.144m
METAL THICKNESS, EXCEPT FORHIGH-R(T). THE SymBoLS USED IN THIS TABLE ARE: HIGH (2 K2 - cm); MED (30 ~ 50 €2- cm); AND Low: (4 ~ 6 €2 - cm) FOR
SuBSTRATE TYPE; R (RECTANGULAR) AND C (CIRCULAR) FOR SPIRAL SHAPE; HIGH-R(T) FOR 2 K2 - cm SUBSTRATE WITH 2-um METAL

a7

N Omax fomax Jres L R Cr C (o R, R, Remark
(GHz) | (GHz) (nH) Q) (fF) (fF) ({F) (KQY) (KQY)
8 11.5 3.0 6.6 12.98 12.24 249 209 36.5 11.12 7.98 High-R(T)
8 6.9 3.0 63 13.10 19.26 256 209 37.1 7.11 5.97 High-R
8 49 2.0 6.5 13.28 19.51 255 194 354 2.39 1.71 Mcd-R
8 2.7 1.0 47 14.97 17.60 50.1 16.5 554 0.37 0.33 Low-R
8 7.5 3.0 7.2 11.90 16.63 22.7 17.5 28.6 6.82 5.06 High-C
8 S5 2.0 7.1 12.04 16.58 231 17.5 28.7 2.60 1.96 Mcd-C
8 2.7 1.0 4.7 13.18 15.50 419 20.9 51.0 0.42 0.40 Low-C
12 4.7 1.5 3.0 3403 32.49 353 403 82.4 371 1.84 High-R
10 57 2.0 4.6 22.05 2631 314 262 52.7 5.49 3.26 High-R
8 6.9 30 63 13.10 19.26 25.6 209 371 7.11 597 High-R
6 79 4.0 10.2 6.84 13.06 18.0 155 23.0 6.63 5.57 High-R
4 133 10.5 14.5 2.85 787 9.0 12.6 14.8 12.26 18.78 High-R

* Fixed at metal width = 10 um, metal spacing = 2 um, inner diameter of inductor = 100 pm.
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