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Passive Devices

A new demand for current and future interconnect architectures is the inclusion of precision on-chip passive elements, like high quality capacitors, inductors, resistors and other components into the metallization scheme. This request is mainly driven by advanced mixed-signal, RF and system-on-a-chip (SoC) applications [1-4, 42]. The traditional way to realize passive circuit elements (e.g. capacitors, resistors) on ICs was the integration during front end processing. In this case doped monocrystalline Si substrate, polycrystalline Si and the respective Si-oxides or Si-oxynitrides are used. Because of their vicinity to the Si substrate, those passive devices fabricated during front end processing suffer increased performance degradation especially when used at high RF frequencies. Therefore we see an increasing demand for low loss, low parasitics, but high quality passive devices in the interconnect levels. For interconnect integration the key challenge is to achieve this goal in a modular and cost effective way, without sacrificing the overall interconnect performance and reliability.  Currently the favoured approach is the introduction of optional levels and new materials to accomplish the necessary functions and attributes. Reduction and control of substrate coupling noise and other parasitics is one of the most important tasks for mixed signal and RF CMOS applications. For the most widely used passive devices, like capacitors, resistors and inductors, the expected future requirements at the different technology nodes of analog, mixed-signal and RF products can be found in the RF and Analog/Mixed-signal Technologies for Wireless Communications chapter.

In the following, we will briefly discuss typical applications, requirements and integration challenges of metal-insulator-metal (MIM) capacitors, inductors and resistors. Published examples of new and innovative approaches to realize passive devices in the interconnect will be highlighted as well.
MIM capacitors
Applications in CMOS, BICMOS and Bipolar chips
· Decoupling capacitors for MPUs used to reduce the transient currents across the on-chip voltage/ground-interconnects and the chip-to-package interconnects during the switching cycles of the CMOS circuits.  

· RF coupling and RF bypass capacitors, in high frequency oscillator and resonator circuits and in matching networks. 

· Filter and analog capacitors in high performance mixed-signal products, e.g. A/D or D/A converters.

· Storage capacitors in DRAM and embedded DRAM / logic devices.

Typical MIM requirements
· Small feature size and high charge storage density. 

· Low leakage currents and dielectric loss.

· High dielectric breakdown voltage and reliability.

· High precision of absolute and/or relative capacitance between neighboring MIMs on the same chip.

· High linearity over broad voltage range (low voltage coefficients).

· Small temperature dependence (small temperature coefficients).

· Low parasitic capacitance.

· Low resistivity of the electrodes and wiring to allow high switching speeds with high Q values, but without excessive heating.

Process integration challenges
· Very thin high quality dielectric films with excellent thickness uniformity and control.

· Preferably high k dielectric films in order to reduce the capacitor size. Compare to the Dielectric Potential Solutions figure for suitable materials.

· Low defect densities for dielectric and metal films (low surface roughness).

· Low deposition temperatures (< 450°C) to be compatible with overall metallization requirements, especially when low k intermetal dielectrics are utilized.

· Smart modular integration schemes making optimal use of existing metal levels in order to reduce overall costs, i.e. the number of additional process steps and optional lithography levels.

· Realization of MIM capacitors in the upper metal levels to reduce parasitic substrate coupling and to maintain high Q values. The use of low k intermetal dielectrics should also be beneficial, but may introduce other integration challenges.

Successful realizations of MIM capacitors can be found in the literature for Al- based and Cu- based metallizations as well [1-5, 6-8, 18,19]. Today most MIM capacitors in manufacturing are using silicon oxide, silicon oxynitride or silicon nitride as MIM dielectrics with sufficient material properties, reasonably good RF performance and easy integration into Al- or Cu-based interconnect technologies  [47]. Different MIM capacitor architectures, single and stacked approaches, were realized and characterized in a 130 nm multi-level Cu interconnect technology [48]. A very interesting approach of a large area on-chip MIM decoupling capacitor (> 250 nF) with a triple dielectric stack of HfO2/Ta2O5/HfO2 with TaN electrodes (~ 8 fF/µm2) has been demonstrated for a 90 nm SOI microprocessor technology [49].

Several papers are published with promising data on the integration of interconnect compatible high k MIM dielectrics (e.g. Al2O3, Ta2O5, HfO2, Nb2O5, TiTaO, TiSiO4, TaZrO, BST, STO)  [3, 20-24, 37, 38, 50-55]. The high k MIM dielectrics are deposited either by PVD followed by an appropriate anneal or by CVD and especially Atomic Layer CVD processes keeping the overall temperature budget typically below 400-450°C. 

However, not all approaches with record breaking capacitance densities (> 40 fF/µm2) may be useful from a leakage current, voltage- & temperature-linearity or dielectric reliability point of view. Recently laminated (multi-layered) films of different high k MIM dielectrics are proposed in order to overcome these problems [37, 39-41, 50]. By proper work-function tuning of the electrode material (i.e. replacing TaN by Ni) a significant reduction of the leakage current was observed for a MIM capacitor with STO high k dielectric [54].

The manufacturing of MIM capacitors with high capacitance density, high quality Q, good reliability and low additional cost is a real challenge. Therefore in many applications simply the parasitic or native capacitance of horizontal or vertical parallel plates or comb and finger like structures in different metal levels are used to realize an integrated capacitor with somewhat reduced area capacitance density [25, 26, 34]. In this approach chip area is traded in versus a reduction in process complexity.

Inductors

Applications of on-chip inductors, especially in RF circuits
· Impedance matching between different building blocks in today's microwave RF circuits. With increasing frequencies the on-chip inductors will gain even more in importance in the future [9-11].

· RF transceivers

· Filters

· Voltage controlled oscillators (VCO)
· Power amplifiers and low noise amplifiers (LNA)
Typical inductor requirements
· High quality factors Q at high inductance. Increasing inductance typically results in reduced quality factors Q.

· High self-resonant frequency fsr.

· Low ohmic losses in the inductor coil (dominant at lower frequencies)

· Low capacitive substrate losses (dominant at high frequencies).

· Low eddy currents generated by inductor-substrate interactions, resulting in an increasing effective resistance at higher frequencies.

Process integration challenges
· Making use of thick metal lines to achieve lower coil resistances. Cu metallization is beneficial as compared to traditional Al-interconnects. For spiral inductors built in Cu-damascene technique an improvement of Q by a factor of 2 has been reported as compared to similar Al-coils [12].  However, shunted Al-coils realized in different metal levels may also be feasible.

· Sufficient spatial separation of inductors and substrate, e.g. by putting the coils in the top metal levels or even above the passivation into the polyimide [13-16], helps to reduce capacitive and inductive parasitics and improves the Q-value. Again low k materials help to reduce the capacitive parasitics and the substrate noise.

· Making use of higher resistive Si-substrates is also improving the parasitic substrate losses, however this approach may not be feasible in every case [10].

· The introduction of metallic shieldings (metal ground planes) in the lowest metal level underneath the inductors can reduce the eddy current losses in the substrate [9-11].

Currently spiral coils realized in single Al- or Cu- metal levels are the most common type of on-chip inductors. However, shunted multilevel spirals and solenoidal types of inductor designs, which are supposed to have lower substrate losses, may be used in the future [12]. 

The influence of extreme metal thicknesses (5 µm - 22.5 µm) and innermost turn diameters on Q-factors of spiral inductors [43] as well as the questionable effect of an additional Al-layer on-top of a Cu-based inductor stack [44] is reported.

A significant improvement of the quality factor was achieved by reducing the substrate coupling in making use of the airgaps in suspended Al-spiral inductors [27] and Al-solenoidal inductors [46]. Using surface-micromachining suspended spiral inductors of 1.38 nH (@ 1GHz) were demonstrated with a quality factor of 70 at a frequency of 6 GHz [28]. However, the thermal isolation of suspended inductors may result in significant self-heating effects which can shift Q and the operation point in RF circuits [56]. Another method for Q-value improvement (30%-70%) is the formation of localized semi-insulating Si-substrate areas under the inductor coils by proton bombardment after device fabrication, i.e. before interconnect, [32] or even after interconnect fabrication [33]. Porous silicon substrate was also reported to improve Q-values and resonant frequencies [45]. Areas with low k dielectrics partially embedded in the Si-substrate under spiral inductors showed suppressed parasitic capacitances and improved Q-factors [57]. In using SOI substrates excellent inductor Q-values ~ 20 were demonstrated without extra mask and processing steps [34]. Extremely high Q-values ~ 40 were reported for above passivation (above IC) inductors using 5 µm Cu lines in BCB dielectric (k~ 2.7) on top of a multi-layer Cu/oxide interconnect manufactured in a 90nm RF-CMOS platform technology [35].

The successful integration of micro-inductors using magnetic materials was reported also. The introduction of a magnetic ground plane of CoZrTa increased the inductance of a square spiral inductor by 36~50 % [17].  A spiral inductor sandwiched between two layers of ferromagnetic CoNbZr was demonstrated to improve the inductance by 19% and the quality factor by 23% at 2 GHz [29]. Further improvements in inductance and Q was achieved by connecting the two magnetic layers with magnetic vias and a proper inductor layout making use of the uniaxial magnetic anisotropy of a CoZrTa alloy [58]. Another example is the integration of a ferromagnetic core (Cr/Fe10Co90/Cr) into a solenoidal inductor [30]. At lower frequencies (< 0.2 GHz) up to eight-fold enhancement in inductance and up to seven-fold improvement in quality factor have been achieved by using the ferromagnetic cores. At higher frequencies however, those improvements were significantly degraded by ferromagnetic resonance losses in the ferromagnetic core and by eddy currents. 

Significant reduction in substrate noise is reported for an inductor on a ultra-thin (1.7 µm) Si-substrate top-chip with a Fe/Ni-permalloy film providing magnetic screening between the top- and bottom chip in 3D-IC system in package approach [36]. Prefabricated RF inductors were transferred from a Si-substrate wafer to a flexible plastic packaging substrate (FR-4) by a wafer-transfer technology and showed significantly improved performance in Q and resonant frequency [59]. A variable on-chip inductor embedded in a wafer-level chip-scale package is proposed by making use of a movable metal plate over a spiral inductor [60]. A basic feasibility study of the variable inductor has been performed. However, the successful implementation of a MEMS actuator for moving the metal plate into the wafer-level package has still to be demonstrated.

Resistors

Applications of on-chip thin film resistors, especially in analog and mixed signal circuits
· Clock and bus terminators

· Precision resistor arrays and networks

· Voltage dividers 

Typical resistor requirements
· Excellent matching properties

· Precision resistance control

· High voltage linearity (low voltage coefficients)

· Low temperature coefficients (TCR)

· Low 1/f current noise

· High Q values (low parasitics)
Process integration challenges
· Moderate and tunable sheet resistance

· Excellent thickness control (deposition uniformity)

· Modular integration scheme 

· Good etch selectivity to dielectrics

· Preferably use of standard interconnect materials
So far relatively little literature has been published about the integration of interconnect based thin film resistors. One interesting approach was the multi-functional use of a PVD TaN based MIM capacitor base plate as a precision TaN thin film resistor with varying resistivity based on different film stoichiometries. Low voltage linearity and temperature coefficients and excellent matching properties were reported for the TaN film [8].  Another approach using PVD WSix  as metallization based resistor with reasonably good TCR values was also reported [31]. 
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