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2.4 Researching design methods for mixed-signal integrated circuits in conditions of large leakage currents and temperature drift for nanometer technologies
This report gives a short overview of problems concerning leakage currents and temperature drift in nanometer technologies which will be the subject of future research. Some basic terms are explained and commonly used techniques for leakage current minimization are discussed. Research goal is to provide necessary theoretical knowledge about problems relating minimization of leakage currents in temperature drift conditions for nanometer CMOS technologies (under one micron). More about this topic can be found in [1]. 
Fast growth in semiconductor industry lead to rapid increase in chip’s density and clock frequency consequently setting the power consumption of  portable, battery-supplied, devices as prime concern. High power consumption significantly reduces the battery life in this kind of circuits. So, the main design goal is to lengthen the battery life while maintaining circuit functionality. As the number of electronic devices with time becomes larger and larger, reduction of power consumption even for non-portable devices shows to be more and more important design factor. Increased power consumption has bad influence on device reliability. Furthermore, large power consumption leads to larger circuit heating, i.e. dissipation. All this increases the price of circuit’s cooling system and packaging.
A portable electronic device tends to become more and more complex in architectural way. So these kinds of devices are not comprised of just plain VLSI, solid-state, circuits. They can incorporate a number of physically different blocks ranging from analog/digital electronic and all up to electro-mechanical or/and electro-chemical. Large portion of power dissipation comes from non-digital components. Dynamic power management, which suggests slowing-down or complete cut-off of systems idle or underutilized components, has shown to be quite good measure. Introducing dynamic power management scheme into the already complex and a large system is very tedious work which requests a number of design iterations and careful validation. 

Depending of mode of operation, dissipation of integrated circuits (IC) comprises of a number of components. Primarily, dynamic power dissipation is dominant when circuit is in active mode. So, main components of power dissipation, i.e. energy leakage, are ACTIVE and STANDBY component. STANDBY component can be made lower then ACTIVE by changing MOS transistors substrate polarization or by introducing power gating.

Power supply voltage scaling is probably the most effective technique for minimizing the ACTIVE leakage component because of its quadratic dependence on power supply voltage (VDD).  Unfortunately, this technique reduces speed of circuit’s response primarily because of lowering overdrive voltage, VGS – Vt. To avoid this problem, dynamic voltage scaling can be used. This is done by determining lowest possible value of VDD for which response criteria is satisfied. This way, some energy saving is provided while circuit is in active mode (e.g. while performing complex operations lower VDD can be used) [2]-[6]. 

Current trend of VDD scaling with every new generation of technology process has helped in reducing logic, CMOS, gate’s active power dissipation. But, it should be noticed that scaling of VDD increases gate’s propagation delay time unless threshold voltage (Vt) of MOS transistor is scaled to. Unfortunately scaling of Vt leads to significant increase in leakage current of MOS structure. Therefore, there must be a clear trade-off between MOS transistors OFF state leakage current and active power dissipation for a given application. This trade-off implies that Vt and VDD have to be methodologically determined for a given task [7].

High scales of integration lead to implementation of a large number of blocks with different functionality on a single chip. It becomes hard to achieve optimal conditions for all integrated blocks. Consequently, utilizing design techniques which corresponds to block’s functionality in combination with full custom design can produce higher quality designs.
        

 MOS transistor leakage current sources
There are four main leakage sources in CMOS circuits:

1. Reverse biased junction leakage current (IREV)

2. Gate induced drain leakage (IGIDL)

3. Gate direct-tunneling leakage  (IG)

4. Sub-threshold (week inversion) leakage (ISUB)

[image: image1.emf]
Figure 2.4.1 Leakage current components in MOS structure
Reverse biased junction current leakage 
Reverse biased junction current is a current of reverse biased drain/source p-n junction. This current is dominant when transistor is off, i.e. not conducting. Leakage of reverse biased p-n junction has two main components. One of them comes from diffusion/drift of the minority carriers at the edge of depletion region, while the other results from generating electron-hole pairs in the depletion region [8]. E.g. in the case of CMOS inverter, when the input is on a low voltage level, NMOS transistor is off while PMOS is on providing high voltage level on the output, i.e. VDD. This state produces high reverse bias voltage of the drain-bulk diode. Value of reverse biased p-n junction leakage current depends of drain area and leakage current density which is a function of dopand concentration.  If both sides of p-n junction are heavily doped (p+-n+) then leakage current mostly comes from carriers which tunnel through the depletion region [9]. This phenomenon is called band-to-band tunneling (BTBT). Leakage current is strong function of temperature (50-100 times/100°C). This temperature dependence is not of prime concern when a circuit is not anticipated to operate in conditions of high temperatures (>150°C). Reverse biased p-n junctions (drain/source-bulk, well-bulk) leakage currents are generally negligible comparing with other components of leakage current.  

Gate induced drain leakage
Gate Induced Drain Leakage (GIDL) is consequence of strong electric field at the drain terminal of MOS transistor. For NMOS with grounded gate and drain at VDD potential, significant energy bands folding in drain area leads to generating electron-holes pairs by avalanche multiplication and tunneling (BTBT). In this case large depletion region is produced and holes are rejected dip in substrate because high potential is present at the drain of a transistor. At the same time elections are attracted with this high potential at the drain terminal. Mobility of this electrons form gate induced drain leakage current (gate is grounded). This leakage mechanism worsens with high drain-bulk (VDB) and drain-gate (VDG) voltages. Transistor scaling lead to extremely steep halo
 implant profiles, where substrate is heavily doped at contact with drain/source diffusion while channel area is lightly doped. Halo implants are used to control punch-through
 (PT) and drain-induced barrier lowering
 (DIBL) effects when influence of carrier mobility in the channel negligible. But, steep halo implant profile at the drain edge increases BTBT leakage current when VDB is increased. Thinner oxide in combination with higher supply voltage leads to increasing GIDL leakage current. E.g. for VGD =3V and TOX=4nm, GDIL leakage current increases ten times when VDB rise form 0.8V to 2.2V.
Gate direct tunneling leakage
In this case, current flows from gate terminal through leaky oxide and finally ends up in substrate. At thicker gate oxides (3-4nm), this current originate from Fowler-Nordheim
 electron tunneling in conduction energy band of SiO2, under influence of strong electric field present at gate oxide. But, for thinner oxides (which are typical for technology processes under 0.15μm) direct tunneling through gate oxide (DT)
 is dominant effect. Direct tunneling mechanism includes: Electron tunneling in the conduction band (ECB), Electron tunneling it the valence band (EVB) and hole tunneling in the valence band (HVB). ECB tunneling effect is the most dominant among those previously listed. The value of DT leakage current exponentially increases with gate oxide thickness (TOX) and power supply voltage (VDD). Actually, at relatively small oxide layers (2-3nm), with VGS=1V, reduction of TOX for every 0.2nm marks ten-fold increase in DT gate leakage current (IG) [10]. This current increases with temperature only about 2 times/100°C. It should be mentioned that the PMOS transistor DT gate leakage current is typically one order of magnitude less then NMOS transistor’s with identical TOX, and VDD, when SiO2 is used as gate insulator.

As length of transistor channel and power supply voltage decrease, gate oxide thickness has to be reduced so as to maintain efficient channel length control with gate potential. Unfortunately, as earlier mentioned, this leads to exponential increase in DT gate leakage current [11]. Efficient way to overcome this problem, and maintain good channel length control over gate plate, is to replace traditionally used SiO2 gate insulator with some new, high-K
 dielectric material [12]. Some of the alternatives are e.g. TiO2 and Ta2O5. According to 2003 International Technology Roadmap for Semiconductors (ITRS-03) [13], utilizing high-K gate dielectric is a mast for ICs which are to be built in low power standby devices fabricated in technology processes under 90nm. Since year 2006, high-K dielectric materials are introduced even in standard (general purpose) technology processes. 

Sub-threshold leakage
Sub-threshold leakage considers current formed between source and drain terminals when the state of week inversion
 is obtained on substrate surface. In contrast to strong inversion where drift current of free carriers is dominant effect, in sub-threshold state diffusion current of minority carriers in MOS transistor’s channel is dominant. E.g. in CMOS inverter with low logic level on its input, NOMS transistor is off and output is at high voltage potential. In this case, even if VGS=0, because of large drain-source potential difference (VDS=VDD), there is some current flow in channel between source and drain terminals. Magnitude of this sub-threshold leakage current is function of temperature, supply voltage, transistor dimensions and technology parameters from which Vt ​is the most dominant.

In CMOS technology, sub-threshold leakage current (ISUB) is far larger then other components [13]. This is primarily due to very low Vt in modern CMOS technology. ISUB can be estimated from:
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where W and L are width and length of the MOS transistor, respectively, μ mobility coefficient, Vth = kT/q thermal voltage equivalent at absolute temperature T, Csth = Cdep + Cit sum of depletion region and surface state
 (interface trap) capacitance in units of area, η DIBL coefficient [14] and n slope shape factor expressed as:
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Here Cox is gate capacitance in units of area. In case of a long-channel MOS transistor with VDS larger then several vth, and VGS=0V, sub-threshold current can be expressed as:
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where S is sub-threshold swing parameter and it is defined as ratio of inverse value of log10(IDS) curve slope and VGS characteristic. This parameter can be evaluated with n⋅vth⋅ln(10). Basically, S parameter is equal to increment of sub-threshold voltage which causes ten-fold increase of sub-threshold leakage current, ISUB. It is highly desirable that the value of S be as small as possible because this parameter determines amount of change in voltage which turns-on MOS transistor. Typical values of S for CMOS inverter are in range 70-100 mV/decade, while theoretical limit is 60mV/decade for n = 1. This is very important especially for MOS transistors which supply voltage reaches values under one volt. As to obtain low values of S parameter, the thinnest gate oxide (which maximizes Cox) and lowest allowable dopand concentration in channel region should be used. Higher temperatures imply larger S parameter values, which results with larger leakage current in OFF state. 

In long-channel transistors influence of source and drain terminals on channel depletion region is negligible. However, as transistor’s length scales down, areas of source/drain-bulk tends to merge under the inverted substrate surface in channel region. Wider depletion region is tracked with larger surface potential which attracts more electrons into the channel. Therefore, less gate charge is sufficient to obtain strong inversion of substrate surface in channel region. In this way, effectively observed, threshold voltage of MOS transistor is decreased. This effect is more expressed with high drain potential because, in that case, depletion region is even wider. So, when drain of short-channel NMOS transistor is on high voltage, source-channel potential barrier is decreased for electrons, which further implies effective threshold voltage lowering. Under this conditions source inject electrons in channel regardless of gate potential which increases transistor’s off current (IOFF). This phenomenon, which manifests as Vt lowering with increase of drain-source voltage (VDS) is known as Drain Induced Barrier Lowering (DIBL). Besides this, one more phenomenon, called Vt roll-off, can be identified. This phenomenon is manifested as decreasing threshold voltage with decrease of MOS transistor’s channel length. In this case S parameter is degraded and influence of drain bias on Vt is increased. Finally, well known body effect i.e. influence of substrate biasing on Vt. Here threshold voltage increases with source-bulk bias voltage (VSB) increase.

So, it is previously shown that lowering of threshold voltage leads to exponential increase in leakage current. Actually, lowering threshold voltage for 100mV, produce ten-fold increase in leakage current for typical 100mV/decade value of S parameter. Scaling down the channel length also increase leakage current. Therefore, on chip, transistors with lower threshold voltage and/or short channel contribute more on overall leakage of the chip. 

Sub-threshold leakage current increases with temperature. Figure 2.4.2 shows dependence of sub-threshold leakage current for different technologies. As can be noted, transistor’s off current (IOFF) increases with every generation of technology process. Moreover, when one technology process is observed, leakage current increases with temperature to. In this case leakage current has temperature sensitivity of about 8-12 times/100°C. Figure 2.4.3 depicts power consumption of 15mm die fabricated in 0.1μm technology process with supply voltage of 0.7V. At 30°C only 6% of total power consumption is leakage while at 110°C this percentage increases to more concerning 56%. All this indicates that special techniques for leakage currents minimization have to be incorporated in design process of modern ICs. 

[image: image5.emf]
Figure 2.4.2 Leakage current trend, ISUB (VGS=0V), for different technology process and temperatures, Courtesy of Vivek De, Intel

[image: image6.emf]
Figure 4.2.3 Power consumption of fabricated 15mm die as function of temperature
 Courtesy of Vivek De, Intel
Collective influence of leakage current components
Let IOFF denote leakage current of transistor in off state (VGS=0V, for NMOS transistor). From previous sections following can be concluded:
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IREV and IGIDL components are maximal for VDB = VDD. Similar, for short-channel transistors, ISUB component increases with VDB because of DIBL effect. It can be noted that gate current (IG) is not part of total leakage current in off state. Reason for its exception is condition, VGS = 0V, and for IG existence there mast be potential difference between gate and source/bulk terminals. From three components listed in 2.4.4, ISUB is the most dominant. Practically, for all kinds of circuits, whether they portable, non-portable, in idle/standby or active mode of operation, most of the techniques used for leakage current minimization focuses on minimizing ISUB component.
Note
As in previous period we were not able to use Cadence® tools for IC design, because of lack of license, in this report for the first year of research concrete simulation results were omitted.    
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� Halo/Pocket is used to soften Punch through effect in short channel transistors. These are heavily doped, small, areas of substrate in proximity of drain/source diffusion which serves to prevent spreading of depletion region produced at drain/source-substrate p-n junction in to the channel.


� When depletion regions of drain-substrata and source-substrate p-n junction merge (i.e. xdS + xdD = L) punch-through phenomenon cures. This effect can be minimized by using thinner gate oxide, heavily doped substrate, shallower drain/source diffusion, and of course designing longer transistor channel.


� Conducting current through channel depends on crating and maintaining of inversion layer at substrate surface. If gate potential is not sufficient to invert substrate surface (VGS<VT0), carriers (electrons) in channel are prevent by strong channel barrier to flow (drift). Increasing gate potential reduce this barrier and eventually provides conditions for free carriers flow by influence of channel electric field. In small dimension MOSFET transistors, potential barrier is simultaneously controlled with gate-source (VGS) and drain-source (VDS�) voltages. If drain voltage increases, potential barrier in channel decreases. This effect is known as drain-induced barrier lowering (DIBL). Reduction of potential barrier influenced with drain voltage eventually can lead to carrier flow between source and drain terminals even if VGS<VT0. Channel current formed in this conditions (VGS<VT0) is called sub-threshold current.


� Fowler-Nordheim tunneling occurs when electrons, under strong electric field present at oxide of MOS structure, pass from semiconductor’s conduction band to conduction band of the oxide through portion of potential barrier at oxide-semiconductor junction. While this occurs, carriers lose part of their energy to overcome potential barrier. It is quite possible that current which originate from these carriers dominate in overall leakage current in MOS structures with 5-10nm oxide thickens. 


� DT-Direct Tunneling occurs in MOS structures with extremely thin gate oxides (<4nm). In this kind of tunneling electrons are directly (i.e. without energy lost) transferred from gate terminal, through thin oxide, to the conduction band of substrate material. Direct tunneling probability is a strong function of potential barrier width (i.e. thickness of MOS structure gate oxide).


� For decade Silicon dioxide (SiO2) has been used as gate dielectric. As dimensions of the transistors decreased, gate oxide thickness decreased to so as to increase transistor’s current and gate capacitance. When, with scaling, 2 nm gate oxide thicknesses has reached, DT gate leakage current has dramatically increased, which further lead to increased power consumption and lower component reliability. Replacing SiO2 with a new high-k materials provides larger capacitance with significant reduction in leakage currents (C = kε0A/t, A-gate area, k-relative dielectric constant (3.9 for SiO2), ε0-dielectric constant of the free space, t-gate oxide thickness). 


� In this case surface potential at the gate is just high enough for substrate surface to start inversion of semiconductor type (i.e. from p to n for NMOS transistor), bat folding of energy bands is still smaller then needed for strong inversion to occur. When NMOS transistor is in week inversion state, drain current is determined with diffusion of electrons from source to drain terminal. In this state drift current is negligible because of low electron concentration at the substrate surface and week lateral electric field.  


� Substrate surface is very prone to crystal lattice defects of silicon crystal. As consequence surface states are always present at silicon crystal surface. These states behave like traps for free carriers. Traps interact with conduction band by catching or releasing electrons, while similar effect is manifested with non-conduction (valence) band and holes. This phenomenon is modeled with parasitic capacitance (Cit) in MOS structure.   
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