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PREFACE



The excess noise above the well-known thermal noise and shot noise that shows up at low frequencies, the so-called low-frequency noise (other names are 1/f noise or flicker noise), has raised questions for a long time and has now become more important than ever. The low-frequency noise generated in the electronic devices is a key problem in analog circuits and systems since it sets a limit on how small signals that can be detected and processed in the circuits. In the early 1990s, the metal-oxide-semiconductor fieldeffect-transistor (MOSFET) had a channel length of around 0.5 μm and was mainly used in digital electronics. The MOS transistor at that time had a conventional Si channel, SiO2 gate dielectrics and few advanced features. The tremendous improvements in CMOS performance during the last decade, resulting from continuous advances in the CMOS technology, have stimulated the recent explosion in information and communication technology. Nowadays, MOS transistors are not used only in digital applications but also in a wide range of analog circuits. The low-frequency noise in the CMOS devices has therefore emerged as an important concern. The rapid shrinking of the device dimensions (the smallest gate length is around 30 nm in 2006) is not only a challenging technological problem, the low-frequency noise also increases as the dimensions become smaller with fewer and fewer charge carriers in the active region of the device. It has even been predicted that low-frequency noise will be a problem in digital applications in a few years time. The CMOS technology has also evolved from the standard Si/SiO2 material system to more advanced material combinations and new types of device structures. This technology shift has had a pronounced impact on the low-frequency noise properties. The introduction of high-k materials or other xi



xii



Preface



advanced features accompanied with more complex fabrication processes often lead to (more) defects and imperfections in the current path, which can cause a severe degradation of the low-frequency noise performance. A thorough understanding of the low-frequency noise mechanisms, potential noise sources, various noise models, and the impact of technology are thus important for professionals, researchers and students in the electronics field. In particular those working with CMOS device technology and design, characterization and modeling, and circuit design are expected to find great use of this book. The low-frequency noise cannot be completely eliminated, but with careful design of the devices and clever utilization or development of the technology the low-frequency noise can be substantially reduced. Accurate characterization and modeling of the low-frequency noise is not only immensely important for analog circuit designers but also in order to provide an understanding of the noise phenomenon itself. Furthermore, with deeper insights on how the low-frequency noise affects the output noise of a circuit, ways to optimize the circuit for low noise can be sought out. This book spans from fundamental noise theory via characterization, MOSFET noise models and CMOS technology to address noise in analog/RF circuits. The purpose is both to give the reader an in-depth knowledge of low-frequency noise, while still presented in an easily comprehensible form, and bring together the different pieces all the way from the fundamental theories and physics level to the circuit level. The focus is on MOS devices and technology but the first two chapters about fundamental noise mechanisms and low-frequency noise characterization provide a general background. Other types of FET devices than the MOSFET, bipolar transistors or devices in other materials than Si/SiGe are beyond the scope of this book and are not treated in detail. This book is structured as follows. In chapter 1, we will give an introduction to noise, describing the fundamental noise sources and basic circuit analysis. The characterization of low-frequency noise is discussed in detail in chapter 2. We will describe the equipment, measurement setups and diagnostic techniques including many useful practical advices. The various theoretical and compact low-frequency (1/f) noise models in MOS transistors are treated extensively in chapter 3, providing an in-depth understanding of the low-frequency noise mechanisms and the potential sources of the noise in MOS transistors. We will give an introduction to the MOS transistor and present its noise equivalent circuit. The number and mobility fluctuation noise models are discussed in detail and the 1/f noise dependence on device parameters and operating conditions are explained. We also review the most popular compact noise models; the SPICE and Berkeley short channel IGFET (BSIM3) models. In chapter 4, a comprehensive overview of state-of-the-art CMOS technology is presented
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together with an exhaustive investigation of the low-frequency noise properties in the various types of advanced CMOS devices. Our presentation includes nanometer scaled devices, strained Si, SiGe, SOI, high-k gate dielectrics, metal gates and finally multiple gates. The book ends with an introduction to noise in analog/RF circuits and describes how the lowfrequency noise can affect these circuits. We particularly discuss the voltage controlled oscillator and the upconversion of 1/f noise to phase noise as well as the noise properties of mixers and low-noise voltage amplifiers. In order to enhance the understanding of the various aspects of noise fundamentals and the noise implications in advanced CMOS technology, we have composed a number of relevant problems after each chapter. In appendix III a short solution manual is provided. A reader of this book is assumed to understand fundamental semiconductor physics as well as the principles of CMOS devices at an undergraduate level. Knowledge about noise, CMOS device fabrication or electrical circuits is useful but not necessary. We have mainly followed the conventional notations used in for example Fundamentals of Modern VLSI Devices by Y. Taur & T. K. Ning (Cambridge University Press, Cambridge, 1998). Note that the words low-frequency noise and 1/f noise are both frequently used throughout this book, but their meaning is interchangeable for the most part.



Martin von Haartman and Mikael Östling January 2007
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Chapter 1 FUNDAMENTAL NOISE MECHANISMS



1.



INTRODUCTION



Currents and voltages in an electronic circuit are perturbed from their given values due to interference of noise. The desired signal becomes difficult to distinguish when the noise power is significant in relation to the signal power, why noise is unwanted in electronic systems. One could categorize noise originating from (i) external sources, for example adjacent circuits, AC power lines, radio transmitters disturbing the circuit of interest due to electrostatic and electromagnetic coupling, and (ii) internal random fluctuations in physical processes governing the electron transport in a medium. This book deals exclusively with the latter type of noise, true noise, and hereafter all noise is understood to be of this type. Due to its random nature, the noise cannot be completely eliminated and therefore ultimately limits the accuracy of measurements and sets a lower limit on how small signals that can be detected and processed in an electronic circuit.1,2 Thus, noise is a fundamental problem in science and engineering, important to understand, characterize and consider in order to be able to minimize its effects and estimate the accuracy of detected signals. This chapter begins with a background to noise, how it is defined and the mathematics involved. The fundamental noise mechanisms, thermal noise, generation-recombination noise, random-telegraph signal noise and 1/f noise, are discussed in section 3. The analysis of circuits including noise sources is presented in section 4.
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2.



BASIC NOISE THEORY



2.1



Noise definition



True noise in an electronic device is a random, spontaneous perturbation of a deterministic signal inherent to the physics of the device. Disturbances in an electronic system originating from external sources, for example crosstalk between adjacent circuits, vibrations, light, interference from AC power lines, radio transmitters etc are not considered as noise in this work, as mentioned before. These external disturbances can often be eliminated by appropriate shielding, filtering and layout design of the circuits. True noise, on the other hand, cannot be eliminated, but it is possible to reduce it by proper design of the devices and circuits. Fig. 1-1 illustrates how an electronic signal fluctuates randomly due to noise. The current through a device can be written as



I (t ) = I + in (t )



(1-1)



I(t)



where I is the average bias current and in(t) is a randomly fluctuating current. The value of in is random at any point in time and cannot be predicted. Instead we describe the noise with averages, for example the average of in measured over a long time should always equal zero. The study of noise is built on the mathematical methods from probability theory, which allows us to define appropriate averages for the random variables we are dealing with. A common and powerful method to characterize and describe noise is by converting the problem from the time domain to the frequency domain by Fourier transformation.



I



I time t Figure 1-1. A typical noise waveform is illustrated.
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Mathematical treatment



Here we present a brief summary of the most important mathematical methods from probability theory, which serves as a background to the analysis of noise. Let us consider an electronic circuit and assume for the time being that we have a large number of identical copies of this circuit, an ensemble. At a chosen location in the circuit at a certain point in time there is a probability dP that the wanted signal will be disturbed by noise with an amplitude in the interval [X, X+dX], where X is a random variable. One can define a probability density function f(X) of X and write



dP = f ( X )dX .



(1-2)



The probability density function should be normalized (scaling of f(X) with a constant) so that the integration over all allowed values of X yields 1. If f(X) is independent of time the random process (also called stochastic process) is said to be stationary, which always is assumed for the noise processes considered in this work. For random variables, several ensemble averages are defined; mean value, variance, autocorrelation function, power spectral density etc. While one cannot know the exact outcome of random event, these averages give us adequate information about it. The mean value and variance are defined below in Eqs. (1-3) and (1-4), respectively: ∞



X =



∫ Xf ( X )dX



(1-3)



−∞



∞



var X = ( X − X ) 2 =



∫ (X − X )



2



f ( X )dX = X 2 − ( X ) 2 .



(1-4)



−∞



The ensemble averages can be calculated when the probability density function is known. Practically all fluctuating currents and voltages in electrical devices follow the normal (Gaussian) distribution due to the central limit theorem stating that the sum of a large number of independent random variables has a normal distribution. One important exception though is the switching of the signal between two levels, random-telegraph-signal noise, which is a Poisson process. The probability density function for the normal distribution is given as
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f (X ) =



⎡ ( X − m )2 ⎤ 1 exp ⎢− ⎥ 2σ 2 ⎦ σ 2π ⎣



(1-5)



where X = m and var X = σ 2 if X has a normal distribution. However, the exact probability density function for the noise is seldom known. But, the time averages equal the ensemble averages for certain random processes. That is, the distribution for one ensemble element over time is equal to the distribution over the whole ensemble at a chosen point in time. Such processes are called stationary and ergodic. The noise processes discussed here are all considered to be stationary and ergodic, which allows us to use measurements over time for calculation of time averages together with the theory developed for ensemble averages. Currents and voltages are readily measured over time and used to gain information about the noise. The time average of the noise voltage or noise current just equals zero if integrated long enough and provides no interesting information; instead squared quantities are used to describe the noise. One such squared quantity is the power spectral density S(f) which is given from the autocorrelation function R(s) according to the Wiener-Khintchine theorem3,4 ∞



S x ( f ) = 4 ∫ R( s ) cos(2πfs )ds .



(1-6)



0



Sx is a Fourier transformation of R(s), which is given by T



1 X (t ) X (t + s )dt T →∞ T ∫ 0



R ( s ) = X (t ) X (t + s ) = lim



(1-7)



∞



∫



or R ( s ) = S x ( f ) cos(2πfs ) df .



(1-8)



0



Obviously, if s = 0 one obtains the variance or noise “power” ∞



0



T



1 X 2 (t )dt . T →∞ T ∫ 0



X 2 (t ) = ∫ S x ( f )df = lim



(1-9)



The power spectral density (PSD) is measured with a spectrum analyzer, a topic which is discussed in chapter 2. Noise with a constant S(f) for all
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frequencies is said to be white. It is usually observed that the noise PSD is dependent on frequency at low frequencies, and becomes white thereafter. The corner frequency between frequency dependent noise and white noise is typically from a few Hz up to the MHz range and depends on the type and size of the device, bias conditions etc. A schematic diagram of the PSDs for the excess noise at low frequencies, low-frequency noise, and the white noise is shown in Fig. 1-2. The low-frequency noise may consist of superimposed 1/f noise (or 1/f-like noise) and generation-recombination (g-r) noise. The fundamental sources of noise (including the two mentioned above) are discussed in section 3. Both white noise and low-frequency noise are important to consider in electronic circuits, their relative importance depends on the type of circuit and its application. The physical mechanisms behind the white noise sources are well known and the white noise level can usually be accurately predicted in electronic circuits. However, the origin of the low-frequency noise still raises many questions. For this reason, we have chosen to mainly deal with low-frequency noise in this work.



Log S (a.u.)



Total noise



1/f noise g-r noise White noise



0
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10
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10
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10
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frequency (Hz) Figure 1-2. The PSD (S) for low-frequency noise and white noise plotted vs. frequency. The excess noise above the white noise floor is called low-frequency noise and may consist of 1/f noise or generation-recombination (g-r) noise.



2.3



Noise quantities



Here we define some important noise quantities that we will use or are commonly used in the literature. The power spectral density that we defined in the previous section gives information about how the noise power is
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distributed in frequency. The PSD of the noise current and noise voltage has units of A2/Hz and V2/Hz, respectively. We use the term noise power for the mean square of noise voltages or noise currents and can be thought of as the average power delivered to a 1-Ω resistor within the bandwidth Δf of the system from a fluctuating current or voltage. The RMS (root mean square) noise voltage is the square root of the noise voltage power



vn ,rms = v = 2 n



f2



T



1 2 ∫f SV df ≈ T ∫0 vn (t )dt 1



(1-10)



where vn is the noise voltage, and SV is the PSD of the noise voltage and Δf = f2 – f1. The last expression suggests how vn,rms can be measured. Note that the averaging time T should be long enough (some multiples of 1/f1). Quantities such as noise temperature and noise resistance are sometimes used to indicate the noise level and are defined below



Tn =



vn2 4kRΔf



(1-11)



Rn =



vn2 . 4kT0 Δf



(1-12)



The temperature T0 = 290 K is the standard noise temperature, k = 1.38×10-23 J/K is Boltzmann’s constant and R is the resistance. If only thermal noise is present (see next section), then Tn and Rn equal the actual temperature and (ohmic) resistance, respectively. This is true for a metallic resistor for example. But in case other noise sources contribute as well, Tn and Rn are higher than those values.



3.



FUNDAMENTAL NOISE SOURCES



There are some fundamental physical processes that can generate the random fluctuations in the current (or voltage) in a device. The current in a conductor is the transported charge through the conductor per unit time. The average current in a slab of length L can be written as



I = q N vd / L



(1-13)
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where q = 1.602×10-19 C is the electron charge, N is the number of free carriers in the slab and vd is the drift velocity of the carriers. A bar over a variable always means that the average is taken. Both N and vd can fluctuate and therefore



I (t ) =



N (t )



∑q i =1



vi (t ) L



(1-14)



where vi is the drift velocity for an individual carrier and



N (t ) = N + Δ N (t )



(1-15)



vi (t ) = vi + Δvi (t ) .



(1-16)



For a homogeneous sample subjected to a uniform electric field the average drift velocity is the same for each carrier. The fluctuating current can then be written as



Δ I (t ) =



q q N vd Δ N(t ) + ∑ Δvi (t ) . L L i =1



(1-17)



The first term is due to fluctuating number of carriers and the second term to fluctuating carrier velocity. These are essentially the two sources of noise current fluctuations stemming from physical processes inside a material, but both the carrier number and velocity fluctuations can be generated by different mechanisms. Instead of carrier velocity fluctuations, one can speak of mobility fluctuations. The drift velocity is proportional to the applied electric field E



vd = μE or more general vi = μi E .



(1-18)



The proportionality constant μ ( μi) is the carrier mobility (individual carrier mobility). In the coming subsections, the fundamental sources of noise are discussed and described in terms of the PSD of the noise current.



3.1



Thermal noise



Thermal noise (Nyquist, Johnson noise) stems from the random thermal motion of electrons in a material. Each time an electron is scattered, the
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velocity of the electron is randomized. Instantly, there could be more electrons moving in a certain direction than electrons moving in the other directions and a small net current is flowing. This current fluctuates in strength and direction, but the average over (long) time is always zero. If a piece of material with resistance R and (non-zero) temperature T is considered, the PSD of the thermal noise current is found to be



SI =



4kT (or SV = 4kTR ). R



(1-19)



The thermal noise was first discovered experimentally by J. B. Johnson and theoretically explained by H. Nyquist in 1928.5,6 For this reason, thermal noise is also called Johnson or Nyquist noise. The thermal noise exists in every resistor and resistive part of a device (no bias needs to be applied) and sets a lower limit on the noise in an electric circuit. The thermal noise can, however, not be white up to infinitely high frequencies. Otherwise the noise power could theoretically extend to infinity, which of course is unphysical. It has been shown theoretically that kT in Eq. (1-19) should be replaced by a frequency dependent quantum correction factor1



SI = 4



hf e



hf / kT



1 −1 R



(1-20)



where h = 6.626×10-34 Js is Planck’s constant. At “low” frequencies, hf > I0) and rπ = kT/qI. Thus, SI = 2qI = 2kT/rπ which is half the fictitious thermal noise for the dynamic resistance. The reason behind the factor 1/2 is basically that the current is essentially flowing in one direction across the pn-junction when it is forward biased. Finally, note that the measured shot noise PSD actually can be lower than 2qI if the current pulses across the barrier are correlated. The Fano factor is defined as



FF = S I ,meas / 2qI .



(1-27)



Usually, FF = 1 but can be lower than 1 for quantum mechanical conditions (such as in mesoscopic devices at temperatures close to 0 K).
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Generation-recombination noise



Generation-recombination (g-r) noise in semiconductors originates from traps that randomly capture and emit carriers, thereby causing fluctuations in the number of carriers available for current transport. If carriers are trapped at some critical spots, the trapped charge can also induce fluctuations in the carrier mobility, diffusion coefficient, electric field, barrier height, space charge region width etc. Electronic states within the forbidden bandgap are referred to as traps, and exist due to the presence of various defects or impurities in the semiconductor and at its surfaces. Transitions of the following forms occur in a semiconductor (i) (ii) (iii) (iv)



free electron + free hole recombine free electron + free hole are generated free electron + empty trap ' electron bound to trap free hole + empty trap ' hole bound to trap.



Note that a trap may be neutral or charged in its empty state. The PSD of the fluctuations in the number of carriers is found to be1



S N ( f ) = 4Δ N 2



τ . 1 + (2πf ) 2 τ 2



(1-28)



Here, τ is the time constant of the transitions. The shape of the spectrum given by Eq. (1-28) is called a Lorentzian and is illustrated in Fig. 1-5 in the next section. G-r noise is only significant when the Fermi energy level is close, within a few kT, to the trap energy level. Then the capture time τc and the emission time τe are almost equal. If the Fermi-level is far above or below the trap level, the trap will be filled or empty most of the time and few transitions occur that produce noise. The variance can be expressed as8



1 ΔN



2



=



1 1 1 + + N N T , full N T ,empty



(1-29)



where NT,full and NT,empty are the average number of full and empty traps, respectively. At the Fermi-level and assuming N >> NT (NT = NT,full + NT,empty)



ΔN 2 = NT / 4 . Using Eqs. (1-13), (1-17), (1-28) and (1-30) gives



(1-30)
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SI =



SN 2 N τ I = I 2 T2 . 2 N N 1 + (2πf ) 2 τ 2



(1-31)



As seen from Eq. (1-31), the PSD is proportional to the number of traps and inversely proportional to the number of carriers squared. In general, the time constant and the relative strength of the traps differ (depends on the trap energy level and spatial position). For a certain distribution of time constants, the PSD becomes proportional to 1/f which is discussed in section 3.5.



3.4



Random-Telegraph-Signal (RTS) noise



A special case of g-r noise is the RTS noise (burst, popcorn noise), which is displayed as discrete switching events in the time domain, see Fig. 1-4. If only a few traps are involved, the current can switch between two or more states resembling a RTS waveform due to random trapping and detrapping of carriers. For two-level pulses with equal height ΔI and Poisson distributed time durations in the lower state τl and in the higher state τh, the PSD of the current fluctuations is derived as9



SI ( f ) =



[



4(Δ I ) 2



( τ l + τ h ) (1 / τ l + 1 / τ h ) 2 + (2πf ) 2



--



- -



]



.



(1-32)



EC 1.015



τh



--



ID (μA)



1.01



EC



ΔI



1.005



1



τl 0.995 0



0.05



0.1



0.15



0.2



time (s) oxide



Si



Figure 1-4. Schematic description of RTS noise, exemplified for a MOSFET. The drain current switches between two discrete levels when a channel electron moves in and out of a trap in the gate oxide.
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The PSD for the RTS noise and the g-r noise are both of the Lorentzian type. Fig. 1-5 shows the Lorentzian PSD for the RTS noise waveform in Fig. 1-4. G-r noise can be viewed as a sum of RTS noise processes from one or more traps with identical time constants, and is only displayed as RTS noise in the time domain if the number of traps involved is small. RTS noise is an interesting phenomenon since the random switching process from just one trap can be studied in the time domain. It is established that RTS noise is caused by a single carrier controlling the flow of a large number of carriers rather than a large number of carriers being involved in the trapping/detrapping process, thus a single electron can be studied. RTS noise and g-r noise are normally very sensitive to the temperature.10-11 In bipolar and MOS transistors, the bias conditions are also important since the Fermilevel and the carrier density have a strong impact on the noise characteristics. Interesting information about the trap energy level, capture and emission kinetics and spatial location of the trap can be acquired from RTS noise characterizations using temperature or bias dependencies.11-14 RTS noise can be observed in MOS devices with a small gate area (usually below 1 μm2) and/or with low background noise. If a large area device shows RTS noise, the RTS noise is most probably associated with a parasitic current for example at the periphery of the gate. RTS noise is especially sensitive to bottlenecks for the current flow; current crowding or a poor contact could cause RTS noise as well as drastically higher lowfrequency noise in general. -18
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frequency (Hz) Figure 1-5. A Lorentzian shaped PSD, plotted for the RTS noise waveform in Fig. 1-4.
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3.5



1/f noise



1/f noise, also called flicker noise, is the common name for fluctuations with a PSD proportional to 1/f γ with γ close to 1, usually in the range 0.71.3. The PSD for 1/f noise takes the general form



K ⋅Iβ SI = fγ



(1-33)



where K is a constant and β is a current exponent. 1/f fluctuations in the conductance have been observed in the low-frequency part of the spectrum (10-5 to 107 Hz) in most conducting materials and a wide variety of semiconductor devices.1,15-17 Analyzing Eqs. (1-17) and (1-18) it is clear that there are essentially two physical mechanisms behind any fluctuations in the current: fluctuations in the mobility or fluctuations in the number of carriers. G-r noise from a large number of traps (number fluctuations) can produce 1/f noise if the time constants of the traps are distributed as18



g (τ ) =



1 ln(τ 2 /τ1 ) τ



for τ1 < τ < τ 2 , g ( τ ) = 0 otherwise.



(1-34)



The factor 1/ln(τ2/τ1) is for normalization purposes. The superposition of g-r noise from many traps distributed according to g(τ) yields ∞



S tot ( f ) = ∫ g ( τ ) S g −r (τ )dτ = 0



1 ln( τ 2



τ2



1



Bτ



/ τ ) ∫ τ 1 + (2πfτ ) 1



τ1



1



B [arctan(2πfτ )]ττ12 . = ln(τ 2 / τ1 ) 2πf



2



dτ (1-35)



Thus,



S tot ≈



B 4 ln( τ 2 / τ1 ) f



for 1 / 2πτ 2 1 for magnetic materials such as iron). Table 2-1 below lists the skin depth in some metals at various fr f equencies. Table 2-1. Skin depths G (mm) for various materials.5 Material V (S/m) f = 50 Hz Silver 6.17u107 9.06 mm Copper 5.80u107 9.35 Aluminium 3.54u107 11.96 Iron ((Pr | 103) 1.00u107 0.71



1 kHz 2.03 mm 2.09 2.67 0.16



1 MHz 0.064 mm 0.066 0.085 0.0050



Shielding the setup by a cage made of iron, a few mm thick, is sufficient and corresponds to several skin depths at 50 Hz as seen in Table 2-1. 2.1.2



Design of bias circuit



The bias circuit is used to power the device and set the currents and voltages to chosen values, the bias point. The requirements on the bias
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circuit is primarily to add as little noise as possible to the setup and allow flexible operation. As mentioned earlier, the circuit is preferrably powered with batteries to aviod external disturbances. Since low-frequency noise measurements are very slow, completing noise meaurements at one bias point takes several minutes, automatic low-frequency noise measurement systems may save many hours in the lab. Such systems are easily constructed by using programmable voltage sources connected to a computer that controls the bias sweep and data collection. Metal film resistors should be used in the bias circuit since their LF noise is negligible, thus they only exhibit thermal noise.6 The values of the resistors should be selected in such a way that the noise from the device-under-test is maximized at the output at the same time as the added thermal noise from the resistors is minimized. Thus, RL in the setup in Fig. 2-1 should be larger than the channel resistance rch of the MOSFET. When the setup is used with the current amplifier, then R1//R / 2 should be small and RL removed. The (large) shunting capacitor at the input is used for AC grounding the gate of the MOSFET. The output capacitor should be small, its purpose is to limit the bandwidth of the setup in order to reduce the impact of high frequency interfering signals.



2.2



Measurement equipment



2.2.1



Amplifiers



A low-noise amplifier (LNA) is used to amplify the weak noise signal before being monitored by the spectrum analyzer. However, the amplifier inevitably adds its own internal noise to the noise that we want to measure (from the device-under-test). Therefore, the internal noise of the amplifier sets the measurement limit of the system and must be minimized. The noise of the amplifier is modeled by two equivalent noise generators in and vn at the input according to Fig. 2-3. Another commonly used measure of the amplifier noise performance is the noise factor F or the noise figure NF = 10log10F. The noise factor is defined in terms of the input and output signalto-noise ratios (SNR = Signal power/Noise power) as



F



SNRin . SNRout



The noise factor can then be written as follows



(2-2)
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Figure 2-3. Noise model for the amplifier with two equivalent input noise generators. Rin is the amplifier’s input resistance.



F



vR2S  (vn  in RS ) 2 vR2S



(=



vR2S  vn2  in2 RS2 vR2S



if uncorrelated).



(2-3)



Note that the noise factor depends on the source resistance RS. The noise factor is equal to unity for an ideal noiseless amplifier, but F > 1 for any real amplifier. If several amplifiers are cascaded, the amplifier with lowest noise factor should be placed first (if the gain >> 1). This is understood from Friis formula7 for cascaded amplifiers



Ftot = F1 + (F2 − 1) / AP ,1 + (F3 − 1) / AP ,1 AP , 2 + ...



(2-4)



where Fi and AP,i is the noise factor and available power gain for the i:th amplifier, respectively. The requirements on a good low-noise amplifier to be used for sensitive noise measurements include properties such as ultra low internal noise, sufficient frequency range (DC to 100 kHz typically used in the measurements here), variable gain, and a wide dynamic range. A matched output (50 :) may also be desired. Which type of amplifier should be selected for the noise characterization? As a general rule of thumb, the low-noise current amplifier
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outperforms the voltage amplifier at ultra-small currents where the input impedance of the device-under-test ((RDUTT) is very large, for example a MOSFET biased in subthreshold. The voltage amplifier is often better to use at higher currents, such as a MOSFET biased in strong inversion. This is because the equivalent input current noise increases at lower gain settings (for the current amplifier) and the equivalent input noise voltage of the amplifier contributes when the impedance of the device is comparable or lower than the input impedance of the amplifier. Let us analyse an example of a noise measurement with a current amplifier. A slightly simplified version of the setup in Fig. 2-1 is shown in Fig. 2-4(a). The device-under-test can for example be the channel of a MOSFET. The equivelent noise circuit is presented in Fig. 2-4(b), where the amplifier is represented with two equivalent input noise generators as in Fig. 2-3. The resistor and the device are replaced with Norton equivalents containing their corresponding noise generators in parallel with noiseless resistances.



Figure 2-4. (a) Simple noise measurement setup with a current amplifier. (b) Noise equivalent circuit of the setup in (a).
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Using the superposition principle, the PSD of the input noise current to the amplifier can be written as



S I ,in = + SV ,n



2 RS2 RDUT 4kT + S I , DUT RS (RS + RDUT + Rin )2 (RS + RDUT + Rin )2



1



(RS + RDUT + Rin )2



+ S I ,n



(RS + RDUT )2



(RS + RDUT + Rin )2



(2-5)



.



It is evident that RS = 0 eliminates the thermal noise contribution from RS (first term), which is advantageous for a more sensitive measurement of SI,DUT. For large values of RDUT, SI,n˜(R ( DUTT)2 >> SV,n and reliable noise measurements of the device can be made when SI,DUTT > SI,n. If SI,DUT | SI,n, then SI,n must be well characterized (not just taken from data sheets) in order to accurately extract SI,DUT. Note that the voltage noise source SV,n contributes appreciably when RDUTT is small.



2.2.2



Spectrum analyzer



A spectrum analyzer is used to measure and analyze a signal in the frequency domain. Modern spectrum analyzers utilize the discrete Fast Fourier Transform (FFT) algorithm to convert the measured signal from the time domain to the frequency domain. A simplified block diagram describing the function of a FFT spectrum analyzer is shown in Fig. 2-5. After initial attenuation/amplification and low-pass filtering, the signal is sampled and digitized. Digital signal processing is then performed for data manipulation and implementation of the FFT algorithm. In order to get a more intuitive view of what the spectrum analyzer is doing, one can think of how a swept-tuned analyzer operates. This type of analyzer use a bandpass filter to study the signal in a small frequency interval Δf centered at frequencies f1, f2, etc. The signal power is measured after the bandpass filtering and divided by Δf in order to achieve S(f1), S(f2), etc. When making low signal level measurements, there are some important factors and analyzer settings to consider. The noise floor of the analyzer limits how small signals that can be measured with the spectrum analyzer. The sensitivity of the spectrum analyzer should be selected as high as possible (minimizing the attenuation) without overloading the input. By using a preamplifier, as discussed previously, the measurement sensitivity is greatly improved.
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Figure 2-5. Block diagram of a FFT spectrum analyzer (source: Agilent8).



The frequency resolution of the spectrum measurement is determined by the resolution bandwidth, frequency span and number of frequency points. The display resolution, which is equal to the frequency span divided by the number of frequency points minus one, is improved for narrower spans and more frequency points. The frequency resolution is ultimately limited by the resolution bandwidth. A narrower resolution bandwidth not only improves frequency resolution, but also lowers the noise floor of the measurement because there is less noise power in a narrower bandwidth (as discussed in the previous chapter). However, one drawback by reducing the resolution bandwidth is that it makes the measurements slower. Normally, the resolution bandwidth is adjusted automatically when a different span is selected. The FFT analysis assumes that the signal is periodic from time record to time record. However, in reality this is not the case which causes a broadening of the signal energy over frequency during the FFT operation. To circumvent the spectral broadening, the signal is multiplied with a time domain weighting function, called window function, to make the signal periodic in the time record. Most spectrum analyzers have several choices of window functions, the most common types are the Hanning, rectangular, Gaussian top and flattop windows. Each window function has different advantages and disadvantages; there is a trade-off between frequency and amplitude resolution. The Hanning window provides a good frequency resolution; it can be used for general purpose and is for the most cases a
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good choice for LF noise measurements. The flattop window gives high amplitude accuracy at the expense of lower frequency resolution. The analyzer presents (among other options) the power spectral density of the voltage noise at the analyzer input in units of V2/Hz. Averaging must be used for reliable measurements of noise, 50-100 averages is typically enough. A good idea when performing the measurements is to use a narrow frequency span for good frequency resolution and combine measurements from several spans to make up the total spectrum.



2.3



Frequency and time domain analysis



The standard way to analyze noise, which gives most information about its properties, is to make the measurements with a spectrum analyzer and study the noise in the frequency domain. For RTS noise, time domain measurements with an oscilloscope can give supplemental or even sufficient information. Noise spectral data are typically collected for a number of transistor bias conditions and then transferred to a PC for further processing and analysis. The power spectral density at the amplifier input is obtained by dividing with the gain squared. Fig. 2-6 shows two noise spectra, one (a) with pure 1/f / noise and one (b) with superimposed 1/f noise and g-r noise. The 1//f noise is modeled according to Eq. (1-33) with a magnitude and a frequency exponent. It is common that the LF noise is extracted at a selected frequency, for example 10 Hz, in order to study the noise variation with bias and between different devices. If the measured noise spectrum contains g-r noise, 1/f / J noise, and white noise components, it is often a good idea to separate these noise mechanisms as shown in Fig. 2-6(b) and then extract relevant parameters. Time domain measurements are important in order to characterize RTS noise and can for example be performed with an oscilloscope. The RTS noise pulse heights and time durations in the upper and lower RTS level are collected from the oscilloscope data in order to analyze the RTS noise. Pulse trains with 20-100 transitions should be recorded for each bias point for reliable extraction of the mean time durations; an uninterrupted stream containing all the necessary transitions is ideally preferred. An example of a time domain noise measurement showing random noise pulses is shown in Fig. 2-7.
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The RTS noise process is characterized by the mean values of the pulse height and the time durations (time constants). The pulse heights follow the normal distribution in most cases, as exemplified in Fig. 2-8(a). The probability for switching between the RTS levels, on the other hand, is Poisson distributed. The occurrence of time durations between t and t + 't is then given as9 Counts between t and t + 't v exp(t / Ĳ ) / Ĳ .



(2-6)



The mean value of the time durations W for the RTS process can then be computed from a semi-logarithmic histogram analysis of counts versus time, as shown in Fig. 2-8(b). Note that the mean value of the Poisson process is not equal to the arithmetic mean. Therefore, a histogram analysis should be performed to first validate that the RTS process is Poisson distributed and then the time constants are calculated according to Eq. (2-6).
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Figure 2-8. (a) Distribution of RTS amplitudes (pulse heights) resembling a normal distribution. (b) Semi-logarithmic histogram plot of the time durations. The line is the best linear fit to the data; the inverse slope corresponds to the time constant.



The RTS noise analysis becomes more complicated if there are several traps involved that generate RTS noise so that there are more than two RTS levels. For an accurate analysis, the pulse heights and time constants associated with different traps should be extracted separately. If the pulse heights and/or time constants differ enough, two (or more) peaks can be observed in the histograms which allow the mean values to be calculated for each pulse type. Once the mean values ('I, Wl and Wh) are calculated for each pulse type, the noise spectrum can be reconstructed by summing the spectral contributions for each pulse type calculated from Eq. (1-32). Note that one cannot study 'I Wl and Wh separately just from the measured PSD. Therefore,
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the time domain measurements are needed to obtain detailed information about the RTS noise. The PSD should, however, be measured also if RTS noise is present in order to study other noise mechanisms than the RTS noise.



2.4



Some practical advice



Performing reliable LF noise measurements require some knowledge and experience due to the difficulty of measuring the weak noise signals. Even though commercially available automated noise measurement systems have appeared in the last years that facilitate the measurement task, a great deal of hands-on work is still involved. Below is a list of some helpful practical advice in order to perform LF noise measurements: x Shielding is important in order to avoid disturbances. Enclose the bias circuitry, the device-under-test and amplifier in an iron cage (spectrum analyzer and oscilloscope outside). x Turn off unused equipment that might disturb the measurements, especially wireless and mobile phones should not be used in the vicinity of the measurement setup. Switching of lights and equipments introduce disturbances especially at low frequencies. x Use short well-shielded triax or coax cables for connections. Avoid any open connectors in the cage. x Use metal film resistors and batteries in the bias circuitry for lowest noise. Make sure that the batteries provide a stable bias current. x Use a preamplifier with low internal noise. x The noise at the output can stem from many different sources. Calculate the expected noise level at the output from the different sources (deviceunder-test, resistors, amplifier etc). Measure the white noise and compare with the expected thermal noise or shot noise level. Use the result for calibration of your setup (or your calculations). x Bad contacts, for example due to worn-out probes or too gentle probing force can introduce noise that exceeds the noise from the device-undertest. A good idea is to check that the probe pressure does not affect the measurement. x Use narrow frequency spans for good frequency resolution when measuring the spectral density. Disturbances can easily be identified as narrow peaks at certain frequencies when the resolution is good enough. x Be patient! Low-frequency noise measurements are very slow since the measurements typically are made down to a few Hz. Still, if “random” disturbances (ringing phones, colleagues switching on and off equipment
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x x



x



x



etc) occur, monitoring the measurements is advantageous since any corrupted measurements can be remade. It is often better to perform LF noise measurements on quieter evenings and weekends (harm on social life unaccounted for). Parasitic capacitances in the measurement setup may lead to a limited bandwidth. If the white noise level drops below the expected one at high frequencies (usually above ~104 Hz), this might be the reason. Coherence measurements (given from cross-correlation of two simultaneously measured noise signals) can be useful to find the dominant noise source in transistors, for example if the noise in the gate current dominates the LF noise in a MOSFET. It is better to perform measurements on small devices since they generate more noise (easier to measure). However, be aware of larger device-todevice variations (not least in terms of noise) for small devices. Characterizing MOSFETs with a 10 Pm2 gate area is a good compromise.



2.5



Other noise measurement methods



In the measurement setup for LF noise characterization of MOSFETs, we implicitly assumed that the source resistance connected to the gate is unimportant. For a complete characterization of the equivalent input noise sources vn and in of an amplifier, at least two measurements are necessary. By short-circuiting the input of the amplifier, only vn contributes (see Fig. 2-3) and can thus be determined. The current noise generator in can be characterized with an open input (very large RS >> Rin) since the vn contribution then is zero. If vn and in are correlated (often they are not), a third measurement with an appropriate RS is necessary in order to determine the correlation. The reason why this procedure is not used in the noise measurements of the MOSFET is that the noise current generator at the input of the MOSFET is very small and can be neglected for any normal value of RS. However, the gate leakage current can be considerable for very thin gate dielectrics. In such case, the noise in gate current can give rise to a significant noise contribution at the output. Although LF noise measurements are our primary concern, we are going to briefly mention high-frequency noise characterization methods. At high frequencies (MHz to GHz range), only white noise sources need to be considered. On the other hand, the MOS capacitances and parasitic inductances must be included in the noise model. At high frequencies there is a pronounced effect of thermal noise in the channel that couples to the gate, so called induced gate noise. The actual characterization of the noise is a different science than the LF noise measurements. At microwave frequencies, the signals must be treated as travelling waves. When a wave is
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incident on a boundary between two different media (different impedances), a portion of the incident wave power is transmitted and a portion is reflected. A typical high frequency noise measurement setup contains a known noise source, a source impedance tuner and a noise figure meter. The noise figure is typically measured for a range of source reflection factors (covering as much as possible of the impedance plane) in order to find the minimum noise figure ((NFmin). From this measurement two other parameters are also obtained: the optimum source impedance ZS,optt (real and imaginary parts) and the equivalent noise resistance rn. The noise factor is a parabolic function of the source admittance YS = (ZS)-1 according to10
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(2-7)



NOISE AS A DIAGNOSTIC TOOL



Low-frequency noise measurements can be used as a valuable tool for quality and reliability evaluations of electronic devices. Slow (deep) traps in the gate oxide of a MOSFET, situated close to the quasi-Fermi level energy, can for example be probed by LF noise measurements. LF noise measurements are therefore a good complement to charge-pumping measurements which primarily are used to characterize surface states in the middle of the band gap. LF noise characterizations can also give important insights about other types of traps and defects and their kinetics, electron scattering especially with phonons and lattice defects. The LF noise analysis can further help identify sensitive areas for current transport and determine the impact of technology on device quality and reliability. This chapter describes the LF noise characterization technique as a diagnostic tool for the abovementioned evaluations in MOSFETs. A reader that is not familiar with MOSFET noise sources and 1/f /f noise mechanisms is advised to read chapter 3 first.



3.1



Determining the dominant noise source



When an unknown device is characterized, the first step is to determine the dominant noise mechanism and the spatial location of the noise source. This is accomplished by studying the LF noise for different bias conditions, device parameters and technological factors. The location of the dominant noise source is revealed by analyzing the bias and geometry dependence of the noise. LF noise characterizations for diagnostic purposes are preferably performed at small drain voltages (often around 50 mV). The LF noise in a
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MOSFET is generated in the channel and the extrinsic S/D access series resistances. Fig. 2-9 shows a cross-sectional transmission electron microscopy (TEM) image of a MOSFET where these two noise sources are indicated. The channel noise usually dominates at low and medium current levels, but the noise from the S/D resistances can make a significant contribution at large currents. The measured drain current noise can be written as (see further next chapter)



S I D ,tot =



2 S I D ,ch + g ch2 RSD S I RSD



(2-8)



[1 + g ch ( RSD + RL )]2



S I D ,tot  measured drain current noise (PSD) at output S I D ,ch  drain current noise (PSD) in channel S I RSD  drain current noise (PSD) in S/D resistance RSD  total S/D resistance. RS



RD



RSD / 2



g ch  channel conductance RL  load resistance between source and drain.



Figure 2-9. Cross-sectional TEM image of a MOSFET. The two most important 1//f noise sources are indicated.



The channel drain current noise depends on drain current, gate length and the gate voltage, whereas the noise from the S/D resistance is independent of the latter two variables
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S I D ,ch ∝



I D2 p (in strong inversion) fWL(VGS − VT )



S I RSD v



I D2 . f



43 (2-9)



(2-10)



Here p is an exponent that depends on the mechanism for 1//f noise in the channel. VGSS is the gate-source voltage, VT the threshold voltage, ID the drain current, W the gate width and L the gate length. If the noise stemming from the S/D resistance is dominant, the drain current noise at constant drain current should be independent of the gate length, as seen from Eqs. (2-8) to (2-10). On the other hand, the noise originating from the channel increases with decreasing gate length. The drain current noise divided with the drain current squared, called the normalized drain current noise, decreases with increasing ID v (VGSS – VT) as follows from Eq. (2-9). If the noise in the S/D resistance dominates, the measured normalized drain current noise is instead expected to increase with the drain current squared since gch v ID in the linear regime (see Eq. 2-8). Fig. 2-10 shows a simulation of the normalized drain current noise using Eqs. (2-8) to (2-10) for MOSFETs with various gate lengths, which describes the different situations above. In this example, ID is varied by varying VGSS at a constant VDS. Having determined the dominant noise source, remedies to reduce the noise can be sought out. In this process, information about the dominant noise mechanism is highly desired. The noise mechanism can be revealed by studying the bias dependence of the low-frequency noise. For a MOSFET the gate voltage is typically varied, which modifies the inversion carrier density. The dominant source of the 1//f noise, mobility fluctuation or number fluctuation noise, can then be identified in strong inversion by analyzing the resemblance with Eq. (2-9) and extraction of the exponent p. In practice, this is not straightforward. Both number and mobility noise may contribute to the measured noise with similar magnitudes and their relative strength change with bias. The drain current noise should be characterized over a wide bias range from subthreshold to the strong inversion region in order to get as much information as possible. With that said, one should be careful by determining the noise mechanism only from the bias dependence.
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Log SID,tot/I /ID2



0.01L 0.1L L S I D ,ch / I D2



g ch2 S I RSD / I D2



Log ID Figure 2-10. Simulation of the normalized drain current noise at the S/D output of a MOSFET using Eqs. (2-8) to (2-10). p = 1 was used in Eq. (2-9). ID is varied by varying VGS.



From theory, the Hooge mobility fluctuations is expected to show p = 1, whereas number fluctuations should result in a p around 2 in strong inversion.11 If number fluctuations prevail, traps in the gate oxide are likely responsible for the LF noise. In case of mobility fluctuation noise, the noise is generated in carrier scattering processes, mainly the phonon scattering. However, there are usually deviations from the simple theory. The trap density may vary with energy, mobility fluctuations correlated to the fluctuations in the number of carriers contribute in strong inversion (the gate voltage dependence is roughly the same as for the Hooge noise), and the Hooge parameter can depend on the electric field to mention some complicating effects. We will give a more detailed description of the 1/f / noise in MOSFETs and further discuss these complicating effects in the next chapter. It is often necessary to measure the LF noise over several decades of drain currents at a constant drain-source voltage. Investigating the substrate bias dependence of the low-frequency noise can provide additional information, as described in chapter 3. Correlating the noise level to other device parameters such as oxide charge density, interface state density, carrier mobility (especially phonon or Coulomb scattering limited mobility), oxide thickness (if varied in the experiments), etc, can help to establish the noise origin. The information obtained about the location of the noise sources and the dominant noise mechanisms provides an understanding of the underlying
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physics and the possible measures that can be taken to improve the noise performance. The trap density and Hooge parameter can be used as figuresof-merit for a given technology or material system. In chapter 4, the 1//f noise results derived for a wide range of MOS technologies are summarized. If traps in the gate oxide are found to govern the 1//f noise, reducing the trap density by an improved gate oxidation process will reduce the noise.12 If mobility fluctuations prevail, improved crystalline quality in the channel and reduced surface roughness can result in lower 1//f noise.1,11,13 A strained channel could also be beneficial. For both mechanisms, the utilization of a buried channel potentially gives improved noise performance.14-16 The level of noise from the S/D regions can be lowered by decreasing the S/D resistance, avoiding current crowding and improving the quality of the contacts.1



3.2



Characterization of traps by using RTS noise



G-r noise, RTS noise and number fluctuation 1//f noise in the drain current of a MOSFET originate from traps in the gate oxide. G-r noise and RTS noise can stem from traps at other locations also, for example the depletion region in the substrate, but it is rather rare. G-r and RTS noise are only important close to the quasi-Fermi level energy, and are therefore very bias and temperature sensitive. For RTS noise, only one trap is active, while g-r noise can be generated from one or several traps with equal time constants. RTS noise is therefore only observed in small devices or/and devices with a low background noise. The total noise can be decomposed in a g-r and a 1//fJ noise component when RTS noise is present in the time domain. RTS noise can be observed on top of the mobility 1//f noise in MOSFETs with small gate area (usually below 1 Pm2) if the following criterion on the number of carriers in the channel is fulfilled17 N < 1/4SDH



(2-11)



where DH is the Hooge parameter for the 1//f noise. Obviously, the occurrence of RTS noise falls off with increasing N (increasing gate voltage overdrive). If the 1//fJ noise and the RTS noise have the same origin, traps in the gate oxide, the occurrence of RTS noise depends on gate area but not bias (except if the trap density is bias dependent). The number of traps that can generate 1//fJ noise can be estimated according to Number of traps = 4kTWLN Nt z



(2-12)
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where z is the tunneling distance of a carrier from the gate oxide/channel interface, maximum ~3 nm, and 4kT is the energy around the quasi-Fermi level where the traps are distributed. RTS noise can be observed if the number of available traps is small. The relative drain current amplitude is related to the trap position zt (z ( t = 0 at the gate oxide/channel interface) according to18,19
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where tox is the gate oxide thickness, Cox the oxide capacitance, gm the transconductance and D a scattering coefficient (in Vs/C). Note that the expression is not valid in the subthreshold region (see further chapter 3). The trap depth can also be extracted from the variation of the emission time with gate voltage3



d ln(τ e ) / dVG ≈ qzt /(t ox kT ) .



(2-14)



The trap position along the channel can be estimated from the variation of Wc/W / e with drain voltage.3 The capture and emission times, Wc and We, are in general governed by Shockley-Read-Hall statistics20
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where ns is the surface carrier concentration, Ve(h) is the electron (hole) capture cross section, and g is the degeneracy factor usually taken as unity for electrons. It is usually observed that Wc varies inversely with the gate voltage overdrive but is weakly dependent on temperature. We, on the other hand, decreases exponentially with temperature but is approximately constant with gate bias.



3.3



Characterization of traps by using 1/f /f noise



While the energy level and spatial location of a single trap can be determined from analysis of the RTS noise, the distribution of traps versus energy and oxide depth is characterized from the frequency and bias dependence of the number fluctuation 1//f J noise.21 The trap density can be evaluated by (see next chapter)
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2



2



[cm-3eV-1]



(2-16)



Ȝ  tunneling attenuation length in gate oxide (| 1 Å for Si/SiO 2 ). Nt is the density of traps at the quasi-Fermi level and can be found as a function of energy if the gate voltage noise is measured as a function of gate voltage. The surface quasi-Fermi level is found from solving the equations below (note: no analytic solution for ȥs from Eq. 2-17)
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(2-19)



\s is the surface potential, ȥ B the difference between the Fermi level and the intrinsic level, Na the doping concentration, EC the energy at the conduction band edge, EF,n the quasi-Fermi energy level and HSi the silicon permittivity. However, one must be cautious with this kind of analysis, the bias dependence of the LF noise could stem from a completely different mechanism. The interpretation that the LF noise behaviour is explained by a an energy dependent trap density is supported by some groups,22,23 but is generally not accepted. The gate voltage noise spectrum can also be used to estimate the depth dependence of the trap density. The depth is calculated from the frequency according to



z



Ȝ ˜ ln(1 / 2ʌfĲ 0 )



(2-20)



Here the time constant W0 is usually taken as 10-10 s. Fig. 2-11 illustrates the trap density profile for a pMOSFET with 5-nm ALD Al2O3 as gate dielectrics. The low-frequency noise was measured between 1 and 20 kHz.
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An interfacial oxide, around 1-nm thick, was found to be present between the Al2O3 and the channel. As seen in Fig. 2-11, the trap density is higher in the bulk of the Al2O3 gate dielectrics than close to the SiO2/Al2O3 interface. This exercise is an example of the usefulness of low-frequency noise measurements to characterize slow oxide traps. This type of trap is difficult to analyze with other methods. Standard charge-pumping techniques probe traps in the middle of the bandgap and situated very close to the oxide/channel interface. Therefore, low-frequency noise measurements fill an important purpose in the device evaluation process. Specialized chargepumping techniques can also give information about the trap distribution versus depth. The values for the trap density in high-k gate dielectrics extracted from such techniques are in the same range as those obtained by noise measurements.24-26 4
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depth z (nm) Figure 2-11. Oxide trap density vs. depth in the gate oxide (z = 0 at the oxide/channel interface).



SUMMARY x A typical LF noise measurement setup consists of a bias circuit, a preamplifier and a spectrum analyzer. An oscilloscope can also be useful, especially in order to detect and study RTS noise.
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x The noise signal that one wants to measure is usually very small; the measurements can therefore easily be affected by external disturbances and noise generated from other elements than from the device-under-test. x Appropriate shielding around the setup is important to prevent disturbances to interfere with the noise signal that one wants to measure. x An amplifier adds its own internal noise when it amplifies a signal from the input to the output. The noise of the amplifier can be modeled with two equivalent noise sources at the input. x An amplifier with low noise is important for sensitive noise measurement since the noise of the amplifier sets the measurement limit. x LF noise measurements can be used as a diagnostic tool to obtain information about device quality and reliability and study the impact of technology on these properties. x The 1/f /f noise and g-r noise (studied in the frequency domain) and the RTS noise (studied in the time domain) can be used to study traps. 1/f / noise can also potentially provide insights about lattice damage, electron scattering processes and sensitive regions for current transport. x The bias and geometry dependence of the LF noise can be used to determine the mechanism and location of the dominant LF noise source.
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PROBLEMS 1. The circuit in Fig. 2-12 below is a setup to measure the noise in an unknown sample with resistance R which shows 1/f /f noise with a current noise PSD SI,1/f and (of course) thermal noise. The resistor RV only shows
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thermal noise. Give an expression for the voltage noise at the output of the voltage amplifier (amplification A) including all noise sources. The input impedance of the amplifier is much larger than R or RV. The internal noise of the amplifier must be taken into account. RV Spectrum analyzer V



+ 



R



A



Out



Figure 2-12. Measurement setup in problem 1.



2. Calculate the relative contribution from the 1/f /f noise in the S/D resistance to the output drain current noise forr ID = ID,1/3. The noise contributions at the output from the channel and the S/D resistance are equally strong at ID,1. Assume that the channel noise is of the number fluctuation type. The device is biased in the linear regime at a constant VDS. 3. Derive Eq. (2-11) N < 1/4SDH where DH is the Hooge parameter for the 1//f noise and N is the number of carriers (for example in the channel of a MOSFET). 4. Make an estimation under what conditions (gate area and 1//f noise level) RTS noise can be observed in a MOSFET with oxide trap density Nt = 1u1017 cm-3eV-1 and 2 nm gate oxide thickness.
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Chapter 3 1/f /f NOISE IN MOSFETS Origins and modeling



1.



INTRODUCTION



The CMOS technology has seen a rapid development in the past decades that made it possible to downscale the transistor dimensions at an exponential rate over time following the well-known Moore’s law.1 The transistor speed and the number of transistors that can be crammed into one chip have greatly increased as a result of the miniaturization of the transistor size. This evolution has stimulated the recent explosion in information and communication technology. CMOS technology has made inroads in the RF and analog domain that was previously dominated by bipolar transistors, which has created new demands on the MOS transistors.2-7 Low 1/f /f noise in the transistors is an important requirement for low-noise RF/analog applications. Accurate MOSFET noise models are therefore of high relevance for CMOS circuit designers as well as semiconductor manufacturers and device designers need to be concerned about reducing the 1/f /f noise in the MOSFETs. In order to be able to reduce the 1/f /f noise in MOS transistors and derive accurate noise models, one need to understand the 1//f noise mechanisms. This chapter is devoted to discussing the 1/f /f noise mechanisms in MOSFETs and the corresponding modeling of the noise sources. The origin of the 1/f / noise in MOS transistors has been debated for several decades, whether number fluctuation noise due to traps in the gate oxide or bulk mobility fluctuations dominate the 1/f /f noise. The drain current in a MOSFET is confined to a narrow surface channel under the gate oxide. The current transport is therefore sensitive to traps present at the interface. Number 53
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fluctuations is generally believed to be the dominant 1//f noise mechanism in n-channel MOSFETs and commonly also in pMOSFETs.8,9 However, the mobility fluctuation noise model tends to be better to explain the 1/f / noise in 10-12 pMOS transistors. We will discuss these two mechanisms, number and mobility fluctuations, in section 3 and 4, respectively. We will begin by describing the equivalent noise circuit of a MOSFET and give a general overview of the noise sources in section 2. In section 5, the 1/f / noise dependence on the voltage on the bulk terminal (substrate bias) is reported and discussed. This effect was recently discovered and is not implemented in the standard 1/f / noise models.13-14 The compact noise models are briefly reviewed in section 6, and the final section 7 deals with input referred gate voltage noise.



2.



MOSFET NOISE MODEL



2.1



MOSFET fundamentals



2.1.1



Current-voltage relationships



We will first briefly review the MOSFET fundamentals before we describe the MOSFET noise sources and the equivalent noise circuit in the next subsection. A MOS transistor has four terminals, see Fig. 3-1. A voltage on the gate terminal (input) controls the current flowing between the source and drain (output) terminals. The substrate terminal is usually connected to ground, only with a small leakage current flowing through it. The source and drain regions are heavily doped and of opposite type than the substrate. For an n-channel MOSFET, which is exemplified in Fig. 3-1, source/drain is n+doped and the substrate p-type. The gate electrode, usually made of metal or poly-silicon, is separated from the Si substrate by a thin insulating film (thickness tox) called the gate oxide or gate dielectric. SiO2 or nitrided SiO2 is typically used as gate dielectrics in production today, but other materials with higher dielectric constant such as HfO2 have been heavily researched and will likely replace SiO2 in the future, as will be discussed in chapter 4. The intrinsic part of the MOSFET, the channel, is separated from the S/D terminals by a resistive extrinsic part with resistances RS and RD (R ( SD = RS + RD). The S/D regions are heavily doped to make the S/D resistances as small as possible. However, the S/D resistances will limit the drain current for short gate lengths and is therefore one of the most difficult technological problems in realizing high-performance sub-100 nm gate length devices.
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Figure 3-1. A schematic cross section of a MOSFET defining the terminal voltages and currents and some important transistor dimensions.



When the gate voltage is lower than a voltage level called the threshold voltage, only a small leakage current can flow between source and drain. The n+-p-n+ structure can be viewed as two p-n diodes connected back-toback, preventing a current to flow except a small diffusion current. Biasing the gate with a positive voltage will increase the surface potential and repel holes from the surface leaving a negative charge of depleted ionized dopants. Increasing the gate voltage above the threshold voltage will invertt the substrate and a channel of carriers of the opposite type (electrons in this case) is formed at the interface between the SiO2 and Si substrate. The formation of the channel allows a large current to flow between source and drain, the device is switched on. In inversion, the inversion charge density can be approximated as



Qi (V ) = Cox (VGS − VT − mV )



(3-1)



where V is the potential along the channel, VT is the threshold voltage, m is a body-effect coefficient, and Cox = Hox/tox is the oxide capacitance per unit area. The gate voltage controls the charge density in the channel, thereby modulating the conductivity between drain and source. The drain current between drain and source depends on the conductivity and the applied electric field along the channel. The drain current can be derived in the linear (triode) region where VDSS < VDS,satt as
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ID =
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W 2 μeff Cox (VGS − VT )VDS − mVDS /2 . L



(3-2)



The threshold voltage is given by:
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(3-3)



where Nsub is the doping concentration in the substrate, Vfb the flat-band voltage, HSi the permittivity of Si and ȥB the energy difference between the Fermi level EF and the intrinsic level Ei. The plus signs in Eq. (3-3) apply for nMOS and the minus signs for pMOS, respectively.
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Figure 3-2. Energy band diagram illustration of a pMOSFET biased at threshold. The picture to the right is a schematic description of the charge distribution in the MOS structure.



The threshold voltage is the voltage required to achieve a surface potential (band bending) ȥs = 2ȥB as described in Fig. 3-2 (shown for a pMOS). The flat-band voltage depends on the work function difference between the gate material and the substrate material φms and the equivalent (trapped or fixed) oxide charge density at the oxide-silicon interface Qox Vfb = φms – Qox/Cox.



(3-4)



For n+ or p+ doped poly-Si gate and p-type or n-type Si substrate, the work function difference is calculated to be φms = ±0.56 ± kT/q⋅ln(Nsub/ni)



(3-5)
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where the plus or minus sign in front of the first term is for p-type or ntype gate material, respectively. For the second term, the plus sign applies for n-type substrate and the minus sign for p-type. The factor m in Eqs. (3-1) and (3-2), called the body-effect coefficient, has been inserted to account for corrections to the simple theory. The value of m is typically between 1 and 1.4 and is calculated as follows:15



m 1



İ si qN ssub / 4ȥ B . Cox



(3-6)



The drain current in Eq. (3-2) increases with the drain voltage until a maximum is reached and saturation occurs. The drain voltage at saturation is



dI D / dVDS = 0 ⇒ VDS ,sat = (VGS − VT ) / m .



(3-7)



At that point, called pinch-off, the channel at the drain end vanishes. The electric field along the channel between the source end and the pinch-off point stays constant with increasing VDSS > VDS,satt resulting in essentially the same current IDS,sat. By inserting Eq. (3-7) in Eq. (3-2) the drain current in the saturation region can be written as



(V − VT ) . W μeff Cox GS L 2m 2



ID =



(3-8)



The pinch-off point moves slightly towards the source side for VDSS > VDS,sat, which decreases the effective channel length somewhat. This effect is called channel length modulation and results in a weak increase of IDSS with VDSS in saturation. The current will not go to zero when biased below threshold, VGSS < VT, called the subthreshold region. A small diffusion current will remain 2



⎛ kT ⎞ W I D = μeff Cox (m − 1)⎜⎜ ⎟⎟ e q (VGS −VT ) / mkT 1 − e −qVDS / kT . L ⎝ q ⎠
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)



(3-9)



The ability to turn off a device is described by the subthreshold slope −1



⎛ d (log10 I D ) ⎞ mkT kT ⎛ C ⎞ ⎟⎟ ≈ 2.3 SS = ⎜⎜ = 2.3 ⎜⎜1 + dm ⎟⎟ . q q ⎝ Cox ⎠ ⎝ dVGS ⎠



(3-10)



Chapter 3



58



10 10 10 10 10 10 10 10



-4



20



Subthreshold Linear region



-5



-6



15



SS-1



-7



-8



10



-9



-10



5



-11



(a)



-12



-0.5



0



0.5



1



1.5



Drain current (μA)



Drain current (A)



10



0 2



Gate Voltage (V) VT



Drain current (A)



5



x 10



-5



(b)



VGS – VT =1.2 V



4



saturation VGS – VT = 0.9 V



3



ID ∝ (VGS – VT)2



2



VGS – VT = 0.6 V



1



0 0



VGS – VT = 0.3 V 0.5



1



1.5



2



Drain-Source Voltage (V) Figure 3-3. (a) ID-V VGSS characteristics in both logarithmic (left) and linear (right) scales. (b) IDVDS characteristics for four different gate voltage overdrives.



A low subthreshold slope (SS) is desired since the current drops steeper with decreasing gate voltage, the device is easier to turn off. This allows a lower threshold voltage and consequently a higher on-current. An ideally low SS value of ~60 mV/dec can be achieved in SOI-technology whereas SS typically is between 60 and 100 mV/dec in bulk Si MOSFETs. The subthreshold slope is sensitive to the presence of traps at the SiO2/Si interface since the capacitance associated with the interface states will act in parallel with the (maximum) depletion-layer capacitance Cdm and thus increase SS. Finally, the drain current characteristics are shown for the different regions of operation in Fig. 3-3, where the ID-VGSS characteristics are displayed in (a) and the ID-VDSS characteristics in (b).
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Carrier mobility



The charge carriers in a semiconductor, which are placed under thermal equilibrium and with no electric field applied, move rapidly with the thermal velocity ~107 cm/s in random directions with no net current flow. The carriers are scattered by lattice vibrations (phonons) and impurities (dopants or defects) whereby their velocities are abruptly changed, under conservation of energy and momentum. The time between scattering events, the collision time Wc, is typically on the order of 0.1 ps.15 The carriers are accelerated between the collisions when they are under influence of an electric field. The carriers are assumed to immediately relax upon a collision and emerge at a random direction and with a speed corresponding to the local temperature. Therefore, at a certain point of time, the carriers will on average have been accelerated by the force qE during the time Wc and gained a drift speed vd = WcqE/ E m*, where m* is the effective mass. Holes move in the same direction as the field and electrons in the opposite direction. One defines the mobility according to P = vd /E, which thus equals P = qWc/m*. The carrier mobility in an inversion layer of a MOSFET is lower than in the bulk since the carriers are confined to a narrow region below the oxide/substrate interface and therefore suffer from scattering at the surface (roughness and surface phonons). By assuming that the different scattering mechanisms act independently and have the same energy dependence, the effective mobility Pefff in an inversion layer of a MOSFET can be computed using Matthiessen’s rule from the individual mobilities according to16-19



1 ȝeff



1 1 1 1    ȝb ȝac ȝsr ȝC



(3-11)



where Pb is the bulk phonon mobility, Pac the mobility limited by surface acoustic phonon scattering, Psrr the mobility due to surface roughness scattering and PC the mobility limited by Coulomb scattering mainly from ionized impurities and fixed/trapped charge in the gate oxide (its bulk and surfaces) or, if a very thin gate oxide is used, also from depleted charge in the poly-Si gate.20 Although the conditions for using Matthiessen’s rule seldom are fulfilled in practice, the formula still serves as a good approximation for the effective mobility. The mobility in Si MOSFETs has been investigated extensively and the different scattering sources are well understood. The different scattering mechanisms depend in different ways on the effective electric field and the temperature. Fig. 3-4 shows a schematic diagram of the Eefff dependencies and describes how the different scattering mechanisms generally affect the mobility.17
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Figure 3-4. Schematic description of the Eefff and Qi dependencies of the different scattering mechanisms and how they affect the mobility in an inversion layer of a MOSFET.



Phonon scattering and Coulomb scattering are both strongly temperature dependent, whereas surface roughness scattering shows a weaker dependence on temperature. Since the lattice vibrations increase with increasing temperature (more phonons are excited), the phonon limited mobility decreases. The thermal velocity of the carriers increases by increasing temperature. The carriers will then have a shorter interaction with the charged impurities resulting in reduced Coulomb scattering. For bulk semiconductors, temperature relations according to Pb v T -3/2 and PC v T 3/2 have been observed.21



2.2



MOSFET noise sources



2.2.1



Noise equivalent circuit



A MOSFET is a complex device containing purely resistive parts and a channel whose conductance is controlled by the gate voltage. Usually, the 1/f / noise at the output is generated in the channel, but the 1//f noise originating from the S/D resistance contributes and may even take over as the dominant source at high drain currents. The low-frequency noise equivalent circuit of a MOSFET is shown in Fig. 3-5. For a short-circuited output, the total output drain current noise PSD from the uncorrelated noise sources in the channel and the S/D regions can be expressed as
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.
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Figure 3-5. Small-signal equivalent circuit of a MOSFET including noise sources.



For the general case with a load resistance RL at the output, the output drain current noise is



S I D ,ch + g ch2 RD2 S I RD + RS2 ( g m + g ch ) S I RS 2



S I Dtot =



[1 + g m RS + g ch ( RS + R D + RL )]2 2 S I (1 + g m RS + g ch ( RS + RD ) ) . [1 + g m RS + g ch ( RS + R D + RL )]2



+ (3-13)



RL



It is instructive to derive the expression for the total drain current noise in Eq. (3-13). Since the equivalent circuit contains a dependent current generator, the superposition principle is not advisable to use. Instead, we start the derivation by writing the noise current id,tott through RL



id ,tot = id ,ch + g m v gs + g ch vds + iRL .



(3-14)
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gm



wI D / wVGGS .



(3-15)



The gate-source voltage fluctuates due to the noise voltage over RS



v gs



 RS (id ,tot  iRS  iRL ) .



(3-16)



The drain-source voltage fluctuations are found by applying Kirchoff’s voltage law around the loop



vds



 RS (id ,tot  iRS  iRL )  RL id ,tot  RD (id ,tot  iRD  iRL ) .



(3-17)



By solving Eqs. (3-14), (3-16) and (3-17) the noise current id,tott can be written as



id ,tot



id ,ch  iRS ( g m RS  g ch RS )  iRD g ch RD 1  g m RS  g ch ( RS  RD  RL )



iRL (1  g m RS  g ch RS  g ch RD ) 1  g m RS  g ch ( RS  RD  RL )



 (3-18)



.



Note that all noise current contributions from each source are grouped together. Since all noise sources are uncorrelated, the PSD in Eq. (3-13) is found by squaring each term in Eq. (3-18) and replacing the noise currents with their corresponding PSDs. The drain current noise is a superposition of several noise sources with different spatial location and with different physical origins. The lower limit of the noise is always (white) thermal noise or shot noise. On top of the white noise, 1//f noise is usually present, and g-r noise can sometimes also be observed especially in MOSFETs with a very small gate area (~0.1 Pm2). The channel 1//f noise due to the number and mobility fluctuation noise mechanisms are discussed in sections 3 and 4 of this chapter, respectively. In the next subsection, we discuss the modeling of the noise in the S/D resistances and the channel thermal noise. 2.2.2



Channel thermal noise and noise from extrinsic regions



The noise originating from the source and drain resistances can be modeled as a sum of thermal noise and mobility fluctuation 1//f noise
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 4kT / RS .



(3-19)



Here, N is the number of carriers in the source region. Of course, the noise from the drain resistance is modeled in the same way. Usually, the source and drain regions are symmetrical which means that the RS = RD and DH,SS = DH,D. The channel is resistive in the linear and saturation regions and therefore generates thermal noise. In subthreshold regime, on the other hand, shot noise with a drain current noise PSD equal to 2qIID is generated. The thermal noise in the channel depends on the operating condition according to22
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(3-20)



where Kv is defined as
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(VGS  VT ) .(3-21) m



Thus, in the linear region at a small VDS, Kv |



S I D ,ch th



ªW º 4kT « ȝeff Cox (VGGS  VT )» ¬L ¼



4kTg ch



(3-22)



and in the saturation region where Kv = 0



2º ªW 4kT « ȝeff Cox (VGS  VT ) » 3¼ ¬L ( 4kTg m Ȗ for m 1). S I D ,ch th



4kTg ch ,0 Ȗ



(3-23)



Here gch,0 is the channel conductance at zero drain-source bias. From theory, the coefficient J equals 2/3. However, a more detailed derivation shows that Jcan be slightly larger than 2/3 for short channels (below ~0.5 Pm) due to velocity saturation and channel length modulation.23 The coefficient Jcan also show a slight increase for long channel devices (above ~1 Pm) as well due to the nonquasi-static effect. More importantly, when the drain voltage is high enough to cause avalanche multiplication of carriers, the thermal noise can increase significantly. It is found thatt 23
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γ=



2qI S M (M − 1) 2 2 4 M − (M − 1) + 3 3 4kTg ch, 0



(3-24)



in case of avalanche where M (= ID/IS) is the multiplication factor. Note that in some work,24,25 very large Jvalues above 10 have been found in experiments which have been claimed to be due to hot carriers (local temperature higher than 300 K). From theoretical modeling, however, hot carriers are not believed to cause a significant increase of the noise.23,26



3.



NUMBER FLUCTUATIONS



In this section, we will discuss 1/f /f noise generated in the channel of the MOSFET due to the number fluctuation noise mechanism. The drain current in a MOSFET is, as mentioned previously in this chapter, confined to a narrow region under the gate oxide surface, called the channel. While a superposition of g-r noise spectra to produce 1//f noise is unlikely to occur for a homogenous bulk device since the required distribution of time constants is not possible to achieve without very special assumptions, this can easily be obtained for a surface channel. In 1957, McWorther presented a 1//f noise model based on quantum mechanical tunneling transitions of electrons between the channel and traps in the gate oxide.27 The tunneling time varies exponentially with distance, thus the required distribution of time constants to produce 1//f noise is obtained for a trap density that is uniform in both energy and distance from the channel interface. The McWorther model is celebrated for its simplicity and excellent agreement with experiments, especially for nMOS transistors.8,9 The 1//f noise in pMOS transistors, on the other hand, is often better explained by the mobility fluctuation noise model.10-12,28 Also note that there are a few reports about mobility fluctuation noise in nMOSFETs.29,30 It was later observed that a trapped carrier also affects the surface mobility through Coulomb interaction. The so-called correlated mobility fluctuations gave a correction to the number fluctuation noise model that was suggested to resolve the deviations found in pMOSFETs.31 However, the correction factor was criticized for being unphysically high since screening was not accounted for.32 We will in the following subsections analyze the number fluctuations and the McWorther model as well as discuss the impact of correlated mobility fluctuations.
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Number fluctuation noise



The physical mechanism behind the number fluctuation 1//f noise in MOSFETs is the interaction between slow traps in the gate oxide and the carriers in the channel, which is schematically illustrated in Fig. 3-6. The oxide traps dynamically exchange carriers with the channel causing a fluctuation in the surface potential, giving rise to fluctuations in the inversion charge density. If a drain current is flowing in the device, these fluctuations are translated to the current which can be observed from measurements. The fluctuating oxide charge density įQox is equivalent to a variation in the flat-band voltage, see Eq. (3-4).



įV ffb
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(3-25)



The fluctuation in the drain current ID = f(Vfb, Pefff) then yields33
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One can define a coupling parameter or scattering parameter that reflects how a variation in the oxide charge couples to the mobility
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Figure 3-6. Schematic illustration of electrons in the channel of a MOSFET moving in and out of traps, giving rise to fluctuations in the inversion charge density and thereby the drain current. The carrier mobility is also affected by the oxide charge; mobility fluctuations correlatedd to the number fluctuations are therefore generated which may increase or decrease the total LF noise.



Inserted in Eq. (3-27) this gives
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Calculating the power spectral density 2



S ID
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(3-30)



The first term in the parentheses in Eq. (3-30) is due to fluctuating number of inversion carriers and the second term to mobility fluctuations correlated to the number fluctuations. Note that D can be negative or positive depending on if the mobility increases or decreases upon trapping a charge according to Eq. (3-28).



3.2



The McWorther model



Eq. (3-30) is a general expression that was derived without any assumptions about the exact mechanism behind the fluctuations in the flatband voltage. Now, we will derive an expression under the condition that tunneling transitions of carriers into and out of traps in the gate oxide is the origin of the number fluctuations. This is in essence the theory of A. L.
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McWorther,27 which has a widespread recognition as the principal explanation of 1//f noise in MOSFETs. The g-r noise in the oxide charge generated by one trap that randomly captures and releases channel electrons can be written as



S Qox = SV fb Cox2 =



q2 τ 2 . 4ΔN OX 2 2 W L 1 + (2πfτ ) 2



(3-31)



The variance in 'N 'NOXX, where NOXX is the number of oxide charges, due to a trap at energy E is calculated from the probability that the trap is occupied. The probability is given by the Fermi-Dirac distribution function f (E)
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f (E ) = 1 + e
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( E -E F, n(p) ) / kT −1



.



(3-32)



Then 2 = (1 − f ( E ) ) f ( E ) + (0 − f ( E ) ) (1 − f ( E ) ) = ΔN OX f ( E )(1 − f ( E ) ). 2



2



(3-33)



Now, the contributions from all traps in the gate oxide should be taken into account. The total PSD is found by summing over all traps whose noise contributions are given by Eq. (3-31). However, the individual traps are not known. We instead assume a density of traps Nt(x, ( y,z,E) in volume and energy and make an integration:31,34
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The product f(E)(1-f(E)) = −kT df(E)/dE is sharply peaked around the quasi-Fermi level and Nt is considered as uniform over the gate area. Thus
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(3-35)



where Nt is the density of traps in the gate dielectrics at the quasi-Fermi level (in cm-3eV-1) since these traps are the only ones that contribute to the 1/f /f noise. Other traps are permanently filled or permanently empty. In the
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McWorther model, which assumes that trapping and detrapping occur through tunneling processes, the trapping time constant is given as



Ĳ



Ĳ 0 (E) ˜ e z / Ȝ



(3-36)



for an electron tunneling from the interface (z (z = 0) to a trap located at a distance z in the gate oxide. The tunneling attenuation length O is predicted by the Wentzel-Kramers-Brillouin (WKB) theory to be34
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(3-37)



where )B is the tunneling barrier height seen by the carriers at the interface and h is Planck’s constant. Calculations using Eq. (3-37) give O | 1 Å for the Si/SiO2 system. The time constant W is often taken as 10-10 s. This yields z = 2.6 nm and 0.7 nm for a frequency of 0.01 Hz and 1 MHz, respectively. Thus, oxide traps located too close to the channel interface are too fast to give 1//f noise, and those located more than ~3 nm from the interface are too slow to contribute. By inserting Eq. (3-36), the integral in Eq. (3-35) can be evaluated as (see chapter 1.3.5)



SV fb
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(3-38)



The frequency exponent Jdeviates from 1 if the trap density is not uniform in depth; J< 1 is expected when the trap density is higher close to the gate oxide/channel interface than that in the interior of the gate oxide, and J> 1 for the opposite case.35 One example, which is a good evidence of the McWorther model, is the observation of 1//f 1.7 noise.36 The devices in that particular experiment had a nitrided gate oxide, which contains a higher density of traps than pure thermally grown SiO2. If the peak of the nitrogen profile is located away from the channel interface (due to re-oxidation for example), the observation of J= 1.7 can be explained. The bias dependence of the normalized drain current noise in the number fluctuation model is simulated for drain currents ranging from subthreshold to strong inversion regimes (at small VDS) using Eq. (3-30) with D = 0, 1.5u104 Vs/C and -1.5u104 Vs/C and a constant arbitrary Nt (other parameters from a standard Si pMOSFET), the result is shown in Fig. 3-7. Normalization by dividing the current noise PSD with the current squared is often performed in noise analysis since SI/I2 is inversely proportional to the signal-to-noise ratio.
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Drain current (A) Figure 3-7. Simulation of the normalized drain current at small VDSS using the number fluctuation noise model in Eq. (3-30) with D = 0, 1.5u104 Vs/C and -1.5u104 Vs/C and a constant arbitrary Nt. The other parameters were taken from a standard Si pMOSFET.



The normalized drain current noise varies approximately as



S ID



q 2 kTλ Nt I D2 = γ f WLCox2 (VGS − VT ) 2



(3-39)



since gm = ID/(VGS – VT) in the first instance (in the linear region). Eq. (3-39) overestimates the number fluctuation noise at high drain currents due to the fact that gm is decreasing with gate voltage beyond gm,max. In subthreshold, on the other hand, the normalized drain current noise is almost constant since gm = IDq/mkT according to Eq. (3-9). The physical explanation is that ⎪δQi/δQox⎟ < 1, the charge trapped in the oxide is not only supplied from the inversion charge but also from the depletion and interface trap charges. The normalized drain current noise can written as37
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in the subthreshold region. Here, Cd is the depletion capacitance andd Citt is the capacitance due to interface states. The trap density can also vary with energy, which affects the bias and frequency dependence of the noise. The band diagram in Fig. 3-8 describes the tunneling transitions, (i) directly34 or (ii) using interface traps as stepping stones,38 from the Si to the gate oxide, and the window ((z,E) of traps seen at a particular bias point (shaded area). The interface trap density often shows a U-shaped curve as function of energy in the bandgap with increasing values towards the conduction or valence band edges. If the oxide trap density follows the same behaviour, Nt is predicted to increase with gate bias since the quasi-Fermi level approaches EC or EV. Due to the band bending of the gate oxide, an energy dependent trap density should be accompanied by a frequency exponent Jz 1. Traps in the oxide interior are swept “faster” in energy than the traps at the channel interface. Thus, it is expected that J> 1 and increasing with gate bias in the case of a trap density that increases towards the band edges.



Figure 3-8. Energy band diagram showing the tunneling transitions of electrons between the conduction band and traps in the gate oxide, (i) corresponds to direct tunneling and (ii) to indirect tunneling via interface traps.



Finally, the tunneling model presented here is not the only one that can give the appropriate distribution of time constants in order to achieve the 1/f / fluctuations. Another possibility is thermally activated traps with time constants exponentially depending on energy39
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1/f /f noise is obtained for an even distribution of traps in energy. Studies on RTS noise in MOSFETs show that thermally activated phonon-assisted capture and emission of carriers play an important role.40,41 Nevertheless, the support for the tunneling model is solid from experimental findings8,36,42 but
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thermally activated traps should also be considered in order to get a complete description of the number fluctuation noise.



3.3



Correlated mobility fluctuations



A trapped carrier will not only shift the flat-band voltage and thereby cause a fluctuation in the inversion charge density, the trapped carrier will also affect the mobility. These fluctuations in the mobility are correlated to the fluctuating inversion charge density, both related to the trapping and release of carriers in slow oxide traps. However, there is a disagreement in the literature regarding the strength of the correlated mobility fluctuations, which is usually modeled with a parameter D A constant D is frequently used in the noise models, but this is not physically correct for several reasons such as the effect of screening.32,43,44 Instead, D is expected to decrease with increasing inversion charge density Qi due to the screening effect. The parameter D can be estimated both from low-frequency noise and mobility characterizations. For nMOSFETs, the Dvalues obtained using these methods are usually consistent around 1u104 Vs/C. For pMOSFETs, on the other hand, much larger D values are often reported from noise characterizations, in the range 3-20 u104 Vs/C,9,45-49 than expected from mobility models for pMOSFETs (D ~ 0.3-4 u104 Vs/C).19,50 This large discrepancy suggests that the correlated mobility fluctuations in many cases are mistaken for another noise mechanism in pMOSFETs. The disagreement in D values for pMOSFETs calls for a more detailed study. We will derive a model for Dbased on existing mobility models and compare with experiments. We start our analysis with the expression for D given in Eq. (3-28) and the mobility expression in Eq. (3-11). We perform the derivation for pMOSFETs here, but the same final expression is obtained for nMOSFETs. The Coulomb scattering is separated in a part caused by impurities and one part from charge in the oxide, 1/P / C = 1//PC,imp + 1/P / C,ox. We can write
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The bulk phonon mobility Pb is a constant and wQi / wQoox = 1 in strong inversion, which gives



α=



1 ∂μac 1 ∂μsr 1 ∂μC ,imp 1 ∂μC ,ox . + 2 + 2 + 2 2 μac ∂Qi μsr ∂Qi μC ,imp ∂Qi μC ,ox ∂Qi



(3-43)



The first two terms will be negative since Pac and Psrr fall off with increasing Qi, whereas the third term will be positive. These terms are often neglected in the derivation of DThe last term will be positive or negative depending on the type of trap, channel type and the nature of the oxide charge; Table 3-1 summarizes the outcome for the different combinations. Table 3-1. Sign of last term in Eq. (3-43). Acceptor trap (/0) pMOS  nMOS +



Donor trap (0/+) + 



A simple model for PC,ox is51



ȝC ,ox



1 ĮC Qox



(3-44)



where DC is a Coulomb scattering parameter. A common approximation is to set D DC, which leads to an overestimation of D at high gate voltage overdrives as shown below. The magnitude of DC decreases with increasing Qi since the inversion charge screens the Coulomb interaction between the oxide charge and the carriers in the inversion layer. According to Vandamme and Vandamme
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(3-45)



8 32 where PC0 C is a fitting parameter given as 5.9u10 cm/Vs. Another model for DC that has been used in the literature is



ĮC



Į0  Į1 ln( N s )



(3-46)



where D0 and D1 are constants and Ns = Qi/q is the carrier density in the channel. According to the model by Pacelli et al, D0 = 5.93u105 Vs/C and D1 = 2.00u104 Vs/C for a trap located 0.5 nm inside the gate oxide.52 If the trap instead is located 1.5 nm from the oxide/semiconductor interface, the
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parameters values are reduced by almost 50%: D0 = 3.12u105 Vs/C and D1 = 1.06u104 Vs/C. The two aforementioned models were both developed for electrons. Unfortunately, corresponding data for holes are scarce in the literature. However, if we look for simpler models where DC is treated as a constant some conclusions can be made. Dimitrijev and Stojadinovic found that DC = 2.0u104 and 4.3u104 Vs/C for electrons and holes, respectively.53 The value for holes is scaled by P0n/P / 0p 0 in comparison with the value for electrons, where P0n(p) is the mobility of a nMOS (pMOS) transistor with no oxide charge. On the other hand, Emrani et al. report DC = 3.4u103 Vs/C for holes, 3 times lower than the value for electrons (1.2u104 Vs/C) in their study.50 As indicated above, the distance of the trap from the oxide interface determines the scattering strength, which could explain the disagreement in D values in the literature. We therefore assume that the models in Eqs. (3-45) and (3-46) can be used for holes as well, maybe with a scaling of the parameter values according to the ratio between the electron and hole mobility values. The parameter D has been simulated using the Si inversion layer mobility model by Darwish and co-workers54 and using the two aforementioned models for DC in Eqs. (3-45) and (3-46) to determine the last term in Eq. (3-43). The result is plotted for electrons (an acceptor trap was assumed) in Fig. 3-9(a). Fig. 3-9(b) shows the result for holes, simulated using Eq. (3-45) with PC0 = 5.9u108 cm/Vs and 1.5u108 cm/Vs (scaled with 1/4) under the assumption of a donor trap. The first three terms in Eq. (3-43) account for the difference between the solid lines and the broken lines in Fig. 3-9, which is around 4u103 Vs/C for holes and 2u103 Vs/C for electrons at high inversion carrier densities. The traps responsible for the 1//f noise are believed to be located 1-3 nm from the oxide/channel interface where the Coulomb interaction between the traps and the channel carriers is weaker than for interface traps. Therefore, one should rather use D values at the lower end of the observed range. A safe choice would be to assume that ¸ D¸ is below ~1u104 Vs/C, which means that the correlated mobility fluctuations make a quite small correction to the number fluctuation noise.
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Figure 3-9. Scattering parameter D simulated for (a) electrons and (b) holes in a Si MOSFET using Eq. (3-43). The Coulomb scattering parameter DC, the last term in Eq. (3-43), was modeled using Eq. (3-45) or (3-46). Only Eq. (3-45) was used for DC in (b) but with two different values for the parameter PC0.



An experimental study aiming to characterize the parameter D from both mobility and low-frequency noise measurements on the same devices has been performed by the authors.55 The devices used in the experiments were Si0.8Ge0.2 pMOSFETs with Al2O3 as gate dielectrics. The devices were subjected to water vapour annealing which modified the oxide charge in the devices. The response in mobility was measured as a function of the change in the oxide charge and was used to calculate D. The low-frequency noise in



3. 1/f noise in MOSFETs



75



the devices was measured as a function of drain current giving another independent method to measure D. The parameter D was in the latter case extracted from the LF noise data by a curve fitting to Eq. (3-30). Fig. 3-10 shows the extracted D values from (a) the mobility measurements and (b) the LF noise measurements. As seen, the D values are in the same range for the two methods. Note that negative D values were found for un-annealed devices, meaning that the mobility increased when a carrier was trapped (acceptor trap for pMOS). After 210 min H2O annealing D was instead found to be positive due to the neutralization of negative
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Figure 3-10. The scattering parameter D extracted from (a) mobility measurements and (b) LF noise measurements on Si0.8Ge0.2 pMOSFETs with Al2O3 gate dielectrics. The dotted line in (a) is a simulation using Eq. (3-45). Reprinted from von Haartman et al.55 with permission from Elsevier.
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charge or addition of positive charge induced by the annealing. The following model was suggested for D in case there are two types of traps55



ĮC



Į PC N PPC  Į NC N NNC . N PPC  N NNC



(3-47)



The subscripts NC C and PC C refer to traps giving a negative and positive correlation between 'N and ' P respectively. Finally, note that a Si MOSFET with SiO2 as gate dielectrics can be expected to have roughly two times higher D values than those reported in Fig. 3-10 since



αC ∝



m* (εsc + εox )2



(3-48)



according to theory.31,56 Here, Hsc and Hox are the permittivity values for the semiconductor and gate oxide, respectively, and m* is the effective carrier mass in the semiconductor.



3.4



Critical discussion



The McWorther model often shows an excellent agreement with experimental 1//f noise data for nMOSFETs over the whole bias range from subthreshold to strong inversion. However, deviations from the expected behaviour are observed for pMOSFETs. In the framework of the McWorther model, two different theories have been suggested and investigated to explain the 1/f /f noise in the pMOSFETs. One such theory is the correlated mobility fluctuations, which was implemented in the model presented in Eq. (3-30). Values of the parameter D in the range 1-2 u105 Vs/C are often necessary to model the 1//f noise in pMOSFETs.9,45,46 However, these values are roughly an order of magnitude too high to be supported by the laws of physics as discussed in the previous subsection. By including screening and correct physical values,32 the model in Eq. (3-30) often fails to describe the observed 1/f /f noise in pMOSFETs, except if Nt is allowed to vary with energy. A possible, but controversial, idea how to explain the bias dependence for pMOSFETs is to make the assumption that Nt v VGT. Scofield et al. studied the noise versus temperature (77-300 K) and gate voltage in nMOS and pMOS transistors and claim that the number fluctuation noise model can be used for both device types.57 The reason, according to the authors, is that the trap density is constant near the conduction band edge (nMOS), while it increases with energy close to the valence band edge. So far, this hypothesis has not been verified from
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experiments probing the same traps but using another independent technique. The so-called U-shaped distribution, where the trap density increases close to both the valence and conduction band edges, is typically obtained from different types of measurements of traps at the Si/SiO2 interface.58-60 However, the oxide traps and interface traps do not necessarily have the same origin. A consequence of an energy dependent Nt in the McWorther model is that the frequency exponent should vary with gate bias too due to the band bending in the oxide. This is, however, seldom analyzed or reported in relation with N t (E). Investigations of the gate voltage noise dependence on the oxide thickness tox in pMOSFETs by Knitel et al. showed that the gate voltage noise was proportional to (tox) p with p ranging between 1.4 and 1.8 close to threshold and p around 1 at high VGT.61 This strongly points to a mobility fluctuation origin (Hooge noise or correlated mobility fluctuations) of the 1//f noise at high VGT. A type of noise experiment in favour of a number fluctuation origin is the occurrence of g-r noise in devices with small gate areas which adds up to 1/f / 62 noise in a large device. This has been shown by both Brederlow et al. and Scholten et al.23 It is, however, important to separate the 1//f noise and the g-r noise components, and make this study over a wide bias range in order to draw reliable conclusions. Another experiment pointing towards a trap origin of the 1/f /f noise is the switched bias experiments. When a rectangular pulse train is applied on the gate, a 5-8 dB reduction in the noise has been observed.63 This can be explained by the number fluctuation noise model only if the trap densities differ at the two energetic levels given by the high and low gate voltage.64 A serious problem with the McWorther noise model appears in devices with very thin gate oxides (ttox < 2 nm). Then the tunneling time is too fast, even for traps situated close to the gate electrode/oxide interface, and no 1/f / noise would be produced at the lowest frequencies. Instead, a roll-off in the spectrum is expected at a frequency corresponding to the tunneling time to the farthest situated traps. Low-frequency noise results have been reported for some MOSFETs with gate oxide thicknesses between 1.2 and 1.5 nm, only 1//f noise was observed in contradiction with the McWorther model.45,65,66 This is an important problem that must be addressed in future noise research on ultra-scaled CMOS devices. Moreover, a trap situated in the middle of the gate oxide couples out to a flat-band voltage fluctuation with a strength given by 1/2 of the value for a trap located at the gate oxide/channel interface. Eq. (3-34) should therefore be modified by multiplying the integrand with (1z z/tox)2. The frequency exponent is then expected to be lower than 1.
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4.



MOBILITY FLUCTUATIONS



4.1



The Hooge noise model



The drain current noise generated by fluctuations in the channel carrier mobility is given according to Hooge’s empirical formula
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(3-49)



which is derived from Eq. (1-37) with the number of carriers in channel N replaced by WLQi/q. In the linear region, Qi = Cox(VGSS – VT), thus the normalized drain current noise depends inversely on the gate voltage overdrive. The Hooge parameter can often be considered as a constant, but the channel position under the gate oxide and the bias dependence of different scattering mechanisms likely affect the mobility fluctuation noise as discussed later. Typical values for DH range between 10-3 and 10-6. Values down to 10-7 have been observed for buried channel Si pMOSFETs,67 and in the order of 10-8 for junction field-effect transistors (JFETs).68,69 The relation in Eq. (3-49) is only valid when the carrier density is uniform. In the saturation region, the carrier density varies parabolically along the channel and reaches zero at the drain end. Then the total channel drain current noise is evaluated by dividing the channel into small segments, each generating a noise contribution, and integrating over the channel
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This equation is valid for all regions of operation, but VDS is replaced with VDS,sat for VDS > VDS,sat. Using VDS,sat = (VGS – VT)/m and Eq. (3-8), the following expression is found for the saturated range
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In the subthreshold region, the drain current is dominated by diffusion
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WkTȝ ȝeff dQi ( x) . q dx



(3-52)



Using the above expression in the integral to the left in Eq. (3-50), it is readily shown that the same final result appears. However, the drain current and the total charge density Qi is independent on VDSS >> kT/q. The mobility 1/f /f noise is also independent of VDS in this case and can be written as70
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Fig. 3-11 shows a simulation of the mobility 1//f noise from subthreshold to the strong inversion regime using Eqs. (3-49) and (3-53) with a constant arbitrary DH (other parameters for a standard pMOSFET). The mobility fluctuation noise in Fig. 3-11 is compared with the number fluctuation noise curve (D = 0) from Fig. 3-7. From the general bias dependencies in Fig. 3-11, it can be deduced that the number fluctuation noise is most important around threshold, whereas the mobility noise is prominent both at very low currents in the subthreshold region and at very high currents in the strong inversion region. -7
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Drain current (A) Figure 3-11. Simulation of the mobility fluctuation noise from subthreshold to the strong inversion regime using Hooge’s empirical model. Eqs. (3-49) and (3-53) were used with a constant arbitrary DH, the other parameters for a standard pMOSFET.
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A popular method to perform diagnosis of the LF noise sources in MOSFETs is to compare the measured normalized drain current noise versus drain current in log-log scale with (gm/ID)2 and 1//ID. This follows from Eq. (3-30) for the number fluctuations and Eq. (3-50) for the mobility fluctuations, respectively. However, note that both mechanisms may fail to accurately describe the LF noise data over the entire bias range. The mobility fluctuation noise model often provides a good fit to the noise data in strong inversion whereas the number fluctuation noise model is more useful below and around threshold. The 1/f /f noise can be significantly higher when the current density J is inhomogeneous. In such case, Vandamme and Trefán have shown that the effective number of carriers is reduced and the 1/f /f noise is increased71
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Here, n is the carrier concentration and : represents the volume. As an example, current crowding at contacts can lead to deteriorated 1//f noise performance due to inhomogeneous current flow. Eq. (3-54) is applicable for a homogeneous conductivity but inhomogeneous current density. Inhomogeneous samples can also exhibit (much) higher 1//f noise, especially if they contain interfaces perpendicular to the current flow, since the noise will be generated in a smaller effective volume.



4.2



Fluctuations in phonon scattering



As mentioned in chapter 1, the mobility 1//f noise is suggested to be primarily generated in the phonon scattering.72 The different scattering mechanisms that limit the channel mobility in MOSFETs depend in different ways on the vertical electric field and the density of inversion charge. Therefore, DH is not only dependent on technology but also on the bias conditions as will be shown below. In the general case, each scattering process j generates mobility fluctuation noise with a magnitude given by the Hooge parameter of the process DH,j. If the scattering processes are independent of one another Matthiessen’s rule can be applied
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The fluctuations in the different scattering processes are also assumed independent. Then we obtain ' ȝeff
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and for the power spectral densities



S ID



S ȝeff



2 D



2 eff



I



ȝ



§ȝ ¦j ¨¨ ȝeff © j



§ȝ ¦j ¨¨ ȝeff © j



2



· Sȝj ¸ ¸ ȝ2 j ¹



° S ȝ j ® 2 ¯° ȝ j



2



qĮ H , j °½ ¾ fWLQi ¿°



(3-57)



· qĮ H , j ¸ . ¸ fWLQ i ¹



Thus



ĮH



¦ j



2 ȝeff



ȝ 2j



ĮH , j .



(3-58)



If only phonon scattering generates noise
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Thus, αH varies with gate bias due to the bias dependent factor (μeff /μph)2. The mobility ratios (μeff /μph)2, (μeff /μac)2, (μeff /μsr)2 and (μeff /μC,imp)2 were simulated for both electrons (open symbols) and holes (closed symbols) using the mobility model by Darwish et al.54 and are displayed in Fig. 3-12. The phonon mobilities μph = 1/(1/μb+1/μac) and μac (acoustic phonons) are more dominant for the hole transport than that for the electrons. Thus, a larger Hooge parameter can be expected for the holes. As seen in Fig. 3-12, a weak bias dependence of αH ∝ (μeff /μph)2 is predicted where αH declines below threshold and at large inversion carrier densities. However, it is often observed from 1/f noise experiments that αH decreases more steeply below threshold than predicted from Eq. (3-59) and increases markedly at large inversion carrier densities. In the frame of the mobility fluctuation noise model, this could either be explained by a bias dependent αH,ph or by
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influence from surface roughness scattering. We will discuss these possibilities in the coming subsection. 1
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Figure 3-12. Simulation of (μeff /μph)2, (μeff /μac)2, (μeff /μsr)2 and (μeff /μC,imp)2 for both electrons (open symbols) and holes (closed symbols) using the mobility model by Darwish et al.54



4.3



Critical discussion



The Hooge model for mobility fluctuation noise has shown a remarkable success in describing the 1//f noise in homogeneous semiconductor samples and metals. However, the lack of a physics based theoretical model is a weakness, and the model has been criticized from fundamental physics viewpoints by Weissman among others.73 In MOSFETs, the 1//f noise can be generated by number fluctuations due to trapping and detrapping of carriers in the gate oxide. Nowadays, this school of thought dominates as the primary explanation of 1//f noise in such devices. Still, the Hooge noise model satisfactorily describes the 1//f noise in pMOSFETs, but a gate voltage dependent Hooge parameter, DH v 1/VGTT, must sometimes be assumed in the description of nMOSFETs. However, one unsolved problem with the Hooge noise model is that it is less accurate in the subthreshold region. It is also found that the 1//f noise is sensitive to the crystalline quality, channel position and vertical electric field. We will discuss these observations in terms of the mobility fluctuation noise model and finally present a possible qualitative explanation of the mobility noise.
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Subthreshold region



For both nMOSFETs and pMOSFETs, a roll-off in the SI/I2 curve at gate biases below the threshold voltage is often observed (see Fig. 3-7). In such cases, the apparent Hooge parameter decreases with decreasing current in the subthreshold region according to Eq. (3-50). From a modeling point of view, any bias dependence can be included in DH, just like Nt was suggested to vary with energy in order to describe the 1//f noise in pMOSFETs. However, a good model should be physics based, be able to accurately model the observed behaviour and predict effects related to technology. Our approach in the following is to review and discuss refinements of the Hooge noise model starting from the basic assumptions of the model. One of the early improvements of the Hooge noise model was the finding that different scattering mechanisms contribute with different magnitudes to the fluctuations in the mobility (see Eq. 3-58) and that the phonon scattering was proposed as the dominant source of the 1//f noise. A somewhat lower DH in subthreshold can therefore be expected due to a stronger influence of Coulomb scattering which dilutes the noise in the phonon scattering. Vandamme and Vandamme also proposed that the number of carriers involved in the fluctuation process cannot go below a constant value determined by the thermal voltage.74 Then N in Eq. (1-37) for a MOSFET is replaced by N + N0 , where N0 = WLC CoxkT/q2 is a constant. However, the theoretical basis for this assumption is still dubious. 4.3.2



Crystalline quality



It has been observed that the mobility fluctuation noise is related to the crystalline quality of the sample.75 For example, the presence of lattice defects created by proton or ion irradiation causes increased 1//f noise. If the damaged material is annealed, the 1//f noise reduces and may approach the original value. Vandamme and Oosterhoff found a 1//f noise reduction in ion implanted Si resistors by a factor of at least 50 after annealing at T t 750 qC.76 The carrier mobility, on the other hand, only varied between 360 cm2/Vs and 270 cm2/Vs. Moreover, Gaubert et al. recently reported that the RMS value of the surface roughness could be related to the 1//f noise performance.77 They observed a pronounced improvement of the 1//f noise by a factor of 100, achieved by an improved cleaning and gate oxidation process, which primarily was linked to a reduced microroughness of the interface. Thus, the mobility fluctuation noise mechanism seems more sensitive to the mobility than predicted by Eq. (3-59). What can be the physical origin of the crystalline quality dependence of the 1//f noise and what are the consequences?
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1/f /f noise dependence on channel position



Field-effect transistors with a buried channel for the current transport can often show significantly lower 1//f noise than that for surface channel devices. This has been reported for buried channel Si MOSFETs,67,78-80 SiGe pMOSFETs,12,81 SOI four-gate transistors,82 and JFETs68,69 to mention some examples. The principle of the JFET is that the gate voltage modulates the width of the depletion region, which narrows or widens the conduction channel in the un-depleted part of the semiconductor. Thus, if the conduction channel is separated from any oxide interface, lower 1//f noise can be obtained. These results are in favour of the number fluctuation theory, since the oxide traps cannot generate 1//f noise if the carriers are isolated from them. But what about the 1/f /f noise in the buried channel devices if the number fluctuation noise is eliminated? The 1/f /f noise does not disappear completely since the mobility fluctuation noise still remains. However, is it possible that the mobility fluctuation noise is enhanced by the gate oxide interface as well? The mobility is clearly reduced for surface conduction due to additional surface scattering (acoustic phonons and surface roughness). Moreover, experimental evidence suggests that the Hooge parameter is sensitive to the crystalline quality, which is deteriorated close to the interface. Therefore, another possibility to explain the higher 1//f noise when the carriers are in close proximity to the gate oxide surface is by increased mobility fluctuation noise. In the authors’ work it has been suggested that the mobility fluctuation noise depends on the distance of the carriers from the gate oxide interface. The conduction path of the carriers can be modified by device engineering and the operating conditions. For example, a reverse bias on the substratesource junction of a bulk MOSFET increases the vertical electric field and the carriers are pushed closer towards the gate oxide. Fig. 3-13 shows how the Hooge parameter increases rapidly when the average carrier-oxide distance is about 2 nm. The behaviour in Fig. 3-13 was obtained for both SOI and bulk Si pMOSFETs and for different bias conditions, indicating a general trend. Thus, the mobility fluctuation 1//f noise also depends on the location of the conduction path due to the influence of the gate oxide/Si interface.
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Average distance (nm) Figure 3-13. The Hooge parameter, extracted from LF noise measurements on SOI and bulk Si pMOSFET, plotted vs. average distance off the inversion carriers from the gate oxide interface. The carrier-oxide distance was obtained from TCAD simulations.



4.3.4



Source of mobility fluctuations



In terms of a physical explanation and modeling of the dependence on carrier-oxide distance and crystal quality, two main sources can be identified. The variations in DH originates (i) from the noise in the phonon scattering but with a non-constant DH,ph, or (ii) noise in the surface roughness scattering that takes over as the dominant mobility fluctuation noise mechanisms as was suggested by the authors.12 The mobility fluctuates since the carriers’ position and velocity are random. The surface is fixed but the carriers are not, which lead to fluctuations in the surface roughness scattering as well as other scattering processes. The effective mobility Peff can be written as 1 ȝeff
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where Psrr is the mobility limited by surface roughness scattering, and Pa here represents the mobility limited by scattering mechanisms other than surface roughness scattering. According to Eq. (3-58) the following relationship for the Hooge parameter can be derived



Chapter 3



86



ĮH



Į · 2 § Į H , sr ¨¨ 2  H2,a ¸¸ ȝeff ȝa ¹ © ȝsr



(3-61)



where DH,srr and DH,a are the Hooge parameters for the corresponding scattering processes, which are considered as constants here. Fig. 3-14 shows a simulation of the 1/f /f noise in a Si pMOSFET using Eq. (3-61) with DH,srr = 1.56u10-3 and DH,a = 1.1u10-5. The 1/f /f noise was measured as a function of the gate and substrate voltages. As seen, the simulation shows a good agreement with the measured data for both the VGTT and VBS dependencies. The discrepancy for VGTT above 0.5 V is, at least partly, due to influence from noise generated in the source and drain resistances. The SI/I2 curve tends to flatten out and show a sublinear 1/I /ID dependence at high gate voltage overdrives VGTT, as seen in this experiment. A similar behaviour has been reported in the literature by other groups as well.83,84 It was found in this case that DH for the Si pMOSFET increased with VGT as
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~VGS – VT~ (V) Figure 3-14. Simulated (lines) and measured (open squares) drain current noise on a Si pMOSFET for different VBS.12 Eq. (3-61) was used for DH. The total noise from the simulation is shown as well as the contributions from the DH,srr term and DH,a term in Eq. (3-61).
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The mobility ratio ((Peff/Psr)2 increases with increasing inversion carrier density (increasing vertical electric field), as found in Fig. 3-12, which explains the observation in Eq. (3-62). This phenomenon can also be linked to the effects of the substrate bias (see next section) as the electric field increases with increasing gate voltage overdrive as well as with increasing substrate bias. Thus, if the 1//f noise in the surface roughness scattering is dominant, the dependence on gate and substrate bias as well as on channel position could be explained. This exercise shows that by invoking surface roughness scattering it is possible to improve the modelingg of the 1//f noise. It was suggested by Melkonyan et al. that the mobility fluctuation 1/f / 85 noise is related to the phonon-phonon scattering rate. The following relationship was derived
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where K is a constant and 1//Wph-ph is the rate by which phonons scatter against other phonons. Let us generalize Eq. (3-63) somewhat and assume that the Hooge parameter is proportional to the overall phonon scattering rate. The phonon mean free path is strongly sensitive to lattice imperfections, defects, surfaces etc.86 For example, the thermal conductivity, which is proportional to the phonon mean free path, was found to increase by a factor of ~500 in the experiment by Takabatake and co-workers when a heavily ion implanted semiconductor specimen was annealed at 750 qC.87 Therefore, the following qualitative explanation of the mobility fluctuation noise is suggested. Phonons scatter randomly which introduce random fluctuations in the phonon-electron scattering as well as the in the electron distribution, giving rise to 1//f fluctuations in the mobility. The more the phonons scatter (shorter mean free path) the stronger the mobility fluctuations. One important conclusion here is that the 1//f noise, both due to number and mobility fluctuations, is sensitive to the gate oxide/channel interface properties and the current transport close to it. Parameters such as vertical electric field, scattering mechanisms, position of the inversion carriers should be carefully investigated and included in the noise 1//f models. The exact origin of the mobility fluctuations is still not fully established. However, interesting theoretical models have been reported recently that have shed some light over the phenomenon (see also chapter 1). Here, we have tried to take these theories one step further in order to understand the 1/f /f noise in MOSFETs.
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5.



IMPACT OF SUBSTRATE VOLTAGE



The 1/f /f noise is often found to decrease when a voltage VBSS is applied to the bulk (substrate) terminal forward biasing the substrate/source junction,13,14,28,45 which may be exploited in circuits to reduce the noise figure or phase noise. Conversely, the 1//f noise increases when the substrate/source junction is reverse biased.12 Another related observation is that dynamic threshold (DT) MOSFETs, where the bulk terminal is connected to the gate VB = VG, can present higher transconductance and significantly reduced 1//f noise than that when the device is operated in the conventional mode with the bulk grounded.88-90 Deen and Marinov found a reduction in the 1/f / noise magnitude by 8 dB/V when a forward bias was applied on the bulk of a Si pMOSFET.14 In the authors’ work, a corresponding reduction around 5 dB/V has been observed in Si pMOSFETs with high-k gate dielectrics.28 These results are discussed below and compared with other results published in literature. First, we will explain the effect of VBSS on the static device parameters (body effect). The width of the depletion region is changed due to the voltage VBS. The depletion charge increases when the substrate is reverse biased (VBSS positive for pMOS, negative for nMOS), and decreases when the substrate is forward biased
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The threshold voltage depends on the depletion charge and is therefore shifted by the voltage on the bulk terminal, VT is increased by a reverse bias and decreased by a forward bias. Eq. (3-3) must be modified for a nonzero VBSS according to
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The effective mobility varies with the effective electric field as discussed in section 2.1.2. The effective electric field is given as



Eeff =
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(3-66)



with K usually taken as 1/2 for electrons and 1/3 for holes, respectively. The effective electric field is increased by a reverse substrate bias (and increasing gate voltage overdrive), which results in a decrease in the



3. 1/f noise in MOSFETs



89



mobility. The opposite occurs for a forward substrate bias. Fig. 3-15 shows gm plotted versus VGS for a Si pMOSFET with HfAlOx gate dielectrics demonstrating both the effect on VT and on Peff. The average inversion carrier distance from the gate oxide interface increases for a forward substrate bias, vice versa for a reverse bias, as evidenced from the simulation in Fig. 3-16.
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Figure 3-16. TCAD simulation of the average distance of the inversion charge from the oxide interface for different VBS . tox = 2.8 nm and Nd =~5u1017 cm-3 were used in the simulations.
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The 1/f /f noise has been found to decrease with forward substrate bias and increase with a reverse bias in a large number of studied devices including Si pMOSFETs, buried SiGe channel pMOSFETs and pMOSFETs with high-k gate dielectrics. The substrate bias effect is illustrated for the abovementioned devices in Fig. 3-17. The influence on the substrate voltage is weak in some cases (as in Fig. 3-17(b)), but still discernable.
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ID /g /gm (V) Figure 3-17. Drain current noise measured at different VBSS on (a) a Si and a buried SiGe (6nm Si-cap) channel pMOSFET with a poly-Si/SiO2 gate stack (reprinted from von Haartman et al.12 with permission from IEEE) and (b) a surface SiGe channel pMOSFET with a polySiGe/HfO2/Al2O3 gate stack.
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The physical mechanism behind the noise lowering has been studied thoroughly. In the literature, several suggestions have been presented to explain the effect of the substrate bias. Park et al. examined nMOS transistors and found a noise reduction by one order of magnitude in weak inversion, but an almost independent behaviour in strong inversion.13 A similar observation was made by Marin et al. on MOSFETs from a 130 nm CMOS technology, ~50% lower noise was found in weak inversion in their work.45 These results can be explained by the fact that the depletion capacitance Cd changes with the substrate voltage (increases with forward substrate bias, opposite for reverse bias), which affects the number fluctuation noise according to Eq. (3-40). However, the results shown in Fig. 3-17 suggest a strong influence (also) above threshold. Ahsan and Schroder go a step further and claim that the correlated mobility fluctuations also are affected by the substrate bias.91 This is explained by the fact that the Coulomb interaction depends on the distance between the oxide charge and the channel carriers, which is modulated by the substrate bias as discussed above. However, the effective mobility is also affected by the substrate bias. It has been shown that the factor D˜P ˜ efff determining the strength of the correlated mobility fluctuations (see Eq. 3-30) rather would change with the substrate voltage in the opposite direction than the 1//f noise does.92 The correlated mobility fluctuation noise should therefore have a negligibly small influence on the 1//f noise variations with the substrate bias. If we consider that the 1//f noise depends on the vertical electric field and/or channel position, we can explain the 1//f noise variation with substrate bias in strong inversion due to mobility fluctuation noise according to the behaviour in Fig. 3-13. An alternative description is illustrated in Fig. 3-18 where DH is studied versus the effective vertical electric field for three different pMOSFETs with high-k gate dielectrics. Finally, the quantum effects induced by the high vertical electrical field have been investigated by Mercha et al.93 An empirical correction factor V2D/V / 3D, which increases strongly with the vertical electric field, was proposed and included in Eq. (3-38). This effect can also potentially explain the noise behaviour on VBS.
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Effective vertical electric field (V/cm) Figure 3-18. The Hooge parameter plotted vs. effective vertical electric field for Si and SiGe pMOSFETs with high-k gate dielectrics.28 The electric field was varied by a voltage on the bulk terminal VBS in the range 0.6 to 1.2 V. The Hooge parameter was extracted in strong inversion regime.



6.



COMPACT NOISE MODELS



A compact model is a mathematical description of a semiconductor device used for circuit simulation and technology development. It is of crucial importance to be able to perform reliable and accurate simulations of the circuit behaviour when designing electronic circuits. For simulation of 1/f /f noise, the Berkeley short channel IGFET (BSIM3) model has received a wide acceptance. This model was originally proposed by Hung et al. and combines number fluctuations and correlated mobility fluctuations in one model by using three basic noise parameters (NOIA ( , NOIB, NOIC). C 31 It should be mentioned that a slightly modified version of the BSIM3 1//f noise model has been implemented in other compact models also, like the Philips MOS model 11. We are going to present and discuss the 1//f noise models in the BSIM3 version 3 model package (abbreviated BSIM3v3), basically the same noise equations are also used in the extended BSIM4 model. Two 1/f /f noise models are implemented in BSIM3v3, one is a simple SPICE2 noise model and the other one is the BSIM3 noise model. The SPICE2 noise model is given below
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KF ˜ I Daf . Cox L2eff f ef
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For aff = 1, this model is identical to the number fluctuation noise model in the saturation region, see Eq. (3-30) with D = 0. The SPICE2 model is good for hand calculations but is too simple for accurate simulations. The BSIM3 model includes the influence of correlated mobility fluctuations via the parameters NOIB and NOIC. For VGSS > VT + 0.1 V, the BSIM3 model is written according to94
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The parameters N0 and Nl are the charge densities at the source and drain side, respectively



N 0 = Cox (VGS − VT ) / q



(3-69)



N l = Cox [VGS − VT − min(VDS , VDS ,sat )] / q .



(3-70)



'Lclm is the channel length reduction due to channel length modulation effect. The parameter Abulk describes the bulk charge effect and corresponds to the coefficient m used here. The parameter N* is equal to 2u1014 m-2 in the BSIM3v3 model but is evaluated as
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in the BSIM4 model, where Cd is the depletion capacitance and CIT T is a model parameter. For VGS < VT + 0.1 V, the 1/f noise is given as
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where Slimm is the 1//f noise calculated at VGS = VT + 0.1 V and
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is the 1/f /f noise in subthreshold. The expression in Eq. (3-72) ensures continuity between the 1//f noise equations in the two regions of operation. The parameters used in the noise models are listed in Table 3-2 along with their default values. Table 3-2. Noise parameters in the BSIM3v3 model. Parameter name Description NOIA BSIM3 Noise parameter A NOIB



BSIM3 Noise parameter B
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BSIM3 Noise parameter C
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SPICE2 Current exponent Frequency exponent SPICE2 Noise coefficient Length reduction parameter offset



Default value 1u1020 (nMOS) 9.9u1018 (pMOS) 5u104 (nMOS) 2.4u103 (pMOS) -1.4u10-12 (nMOS) 1.4u10-12 (pMOS) 1 1 0 0



Unit m-3eV-1 m-1eV-1 m˜eV-1 m



The BSIM3 model matches the number fluctuation noise model in Eq. (3-30) with
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NOIC # Į ȝ q N t / 2 for the saturation region. Obviously, the noise parameters are not independent since NOIC C = NOIB2/2NOIA. Note the factor 108 in Eq. (3-68) correspond to 1/O in Eq. (3-38). O|0.1 nm (1/O | 108 cm-1) for the SiO2/Si system. However, if the distance is expressed in meter (standard unit in BSIM3) instead of centimeter, the right hand sides of the expressions in Eq. (3-74) must be divided by a factor 100 to be correct. This unit confusion has been corrected in the BSIM4 model since the factor 108 is replaced by 1010. The BSIM3 noise model can be used to model the Hooge mobility fluctuation noise also. By comparing Eq. (3-68) with the Hooge noise model
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C= for the saturation region given by Eq. (3-51), it is found that NOIA = NOIC 0 and NOIB = 108˜DH /kT. T The BSIM3 model was originally developed from the number fluctuation noise theory but is using three noise parameters instead of two that would be enough according to Eq. (3-30). The three noise parameters give flexibility to the model without making it too complex, the BSIM3 1/f /f noise model has therefore been successful in circuit simulations and can describe most observed 1/f /f noise behaviours.



7.



INPUT REFERRED NOISE



We have so far discussed the 1/f /f noise in the drain current. In analogy with the amplifier noise model, the 1//f noise in the drain current can be referred to an equivalentt input gate voltage source. The noise is in fact not generated from gate voltage fluctuations because the gate terminal is set to a fixed voltage. In case of number fluctuations, the noise is generated by fluctuations in the oxide charge which cause fluctuations in the surface potential. The mobility fluctuation noise stems from the conduction path of the carriers. The equivalent input gate voltage noise is therefore only a mathematical construction, which is calculated from the drain current noise as



SVG



S ID g m2



.



(3-75)



Note that both the number and mobility fluctuations are generated without the drain current being present, but the fluctuations in the oxide charge and mobility are sensed in the drain current. The equivalent gate voltage noise due to the number fluctuation noise model is found by using Eqs. (3-30) and (3-38)
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The gate voltage noise due to mobility fluctuation noise is given in the linear regime as



SVG =



qα H (VGS − VT )[1 + θ (VGS − VT )]2 . fWLCox



(3-77)
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Here, T is a mobility coefficient used to describe the mobility attenuation with increasing gate voltage overdrive according to



ȝeff



ȝ0 1  ș (VGGS  VT )



(3-78)



where P0 is the low-field mobility. Thus, the number fluctuations give a constant gate voltage noise (for small D), whereas the gate voltage noise increases proportional to the gate voltage overdrive when mobility fluctuations dominate.



SUMMARY x The equivalent noise circuit (Fig. 3-5) of the MOSFET was presented and the output noise generated from the channel and S/D regions was calculated (Eqs. 3-12 and 3-13). x The two sources of 1/f /f noise, number fluctuations and mobility fluctuations, were discussed and expressions for the drain current noise PSD were derived. Eq. (3-30) and Eq. (3-38) for number fluctuations:
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This expression is derived for the McWorther model, which assumes that the transitions to and from the traps in the gate oxide occur by tunneling. The mobility fluctuation noise model is written as (Eqs. 3-49 and 3-50):
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x The 1/f /f noise is found to decrease for a forward bias on the body-source junction (forward substrate bias), and vice versa for a reverse bias. This phenomenon is not yet described by the standard 1/f /f noise models. x The SPICE2 (parameters KF, af) and BSIM3 (noise parameters NOIA, NOIB and NOIC) C compact 1//f noise models were discussed.
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PROBLEMS 1. Derive an expression for mobility fluctuation noise in the saturation region on the form



S ID



I D2 A˜ VGGS  VT



where A is a constant. Compare with the expression in the linear region (Eq. 3-80). 2. Derive an expression for the drain current noise PSD as a function of drain current for the number fluctuation noise model in the saturation region. Start from Eq. (3-79) and compare your final result with Eqs. (3-67) and (3-68). 3. Identify the dominant noise sources from the following observed relations between the output drain current noise and the drain current



S I D v I Dk . ID is varied by the gate voltage while VDSS is held constant. k is a current exponent equal to (a) k = 1 (b) k = 3/2 (c) k = 0 (d) k = 4 (e) k = 2 Assume for simplicity that RS = 0 and D = 0. The noise could either be generated in the channel or in the series resistance RD. There could also be several alternatives for each k value.



Chapter 4 1/f NOISE PERFORMANCE OF ADVANCED CMOS DEVICES



1.



INTRODUCTION



For many decades, the performance of MOS transistors was enhanced mainly by decreasing the gate length of the devices. The gate length has been reduced from hundreds of micrometer in the 1960s to a few tens of nanometer today (2006). Already in the beginning of the 1970s, it was discovered that devices with short gate lengths (around 1 μm at the time) showed an undesired behaviour called the short-channel effect.1 The gate loses control over the channel as the gate length is scaled down, which leads to a reduced threshold voltage and an increased off-current for devices with short channel lengths. The problem was solved by invoking scaling rules stating that several critical transistor dimensions and parameters must be reduced with a common multiplicative factor.2 However, about a decade ago other techniques to improve device performance became attractive research subjects at the same time as the traditional downscaling again faced difficulties. Moreover, it was found that continued downscaling necessitates use of new dielectric materials for the insulator layer (gate oxide) between the gate and the semiconductor substrate. All of this has resulted in the development and emergence of a broad range of CMOS technologies including new materials and architectures. This shift in technology has several important implications on the low-frequency (LF) noise performance. The LF noise is, as discussed in the previous chapter, sensitive to defects and imperfections in the current path. The device quality in terms of defect densities as well as the LF noise properties may differ substantially for different materials, manufacturing technologies and device architectures. 103
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At the same time as the more complex technology may lead to increased LF noise, the downsizing of the transistor dimensions certainly causes higher LF noise. This is immediately found from Eqs. (3-30), (3-38) and (3-49) and is explained by the fact that the noise variance increases when the number of fluctuating carriers is fewer. The aforementioned discussion highlights the importance of LF noise studies in advanced CMOS transistors and systematic evaluations of the impact of different technologies on the LF noise performance. This chapter will in detail describe various CMOS technologies that are important today and present the LF noise characteristics for each technology (sections 3 to 9). First, we will further motivate the demand for new materials and device concepts and give an overview of where CMOS stands today in the coming two subsections. Then, the 1/f noise performance in CMOS devices is summarized in section 2, preceding the more detailed discussion in sections 3 to 9.



1.1



Demand for new materials and MOSFET concepts



The speed of an electric circuit, for example the maximum clock frequency of a microprocessor, is ultimately limited by the delay of its building blocks, the transistors. The maximum clock frequency of Intel’s microprocessors has been boosted from 100 kHz in the first 4004 processor in 1971 to around 4 GHz today, merited by the increase of transistor speed. The main driver of the enhanced performance of CMOS devices has, up to now, been the downscaling of device dimensions. Tremendous advances in fabrication technology, especially lithography techniques, have made the rapid downscaling possible. Fig. 4-1 shows how the minimum MOS transistor feature size in production has evolved during the past three decades. A commonly used figure of merit for the internal delay of a MOS transistor is the CMOS inverter delay given below



τ=



CGVDD I D ,sat



(4-1)



where CG is the gate capacitance (not per unit area) and VDD is the circuit supply voltage. Inserting Eq. (3-8) for ID,sat and assuming VDD >> VT gives τ ∝ L2/( μeffVDD). As can be seen, the speed (τ -1) increases quadratically with decreasing gate length. For analog applications, which this book mainly deals with, the transition frequency fT is of utmost importance. The transition frequency is defined as the frequency where the current gain of the transistor has dropped to unity. Thus,
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3 μeff (VGS − VT ) gm . = {using Eq. (3 - 8)} = 2πCGS 4πmL2



(4-2)
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Year Figure 4-1. MOSFET minimum feature size evolution over time.



Obviously, improved mobility and decreased gate length yield enhanced device speed. However, several unwanted effects degrading the device operation and performance come into play when the device dimensions are reduced. The short-channel effect (SCE) became a problem already in the early 1970s when the shortest gate length was around 1 μm. The gate loses control over the channel as the gate length is scaled down, which leads to a reduced threshold voltage and increased off-current for short channel lengths. Another related effect is the Drain-Induced-Barrier-Lowering (DIBL), causing a further reduction in the threshold voltage and increase of the off-current when a high drain voltage is applied. One can illustrate this as the source and drain depletion regions take up a larger share of the total depletion region under the channel, less charge is controlled by the gate (charge-sharing model).3 Three simple remedies to control the SCE and the DIBL are consequently decreased S/D junction depth, increased channel doping and decreased oxide thickness. Decreasing the supply voltage will also alleviate the problem with DIBL. To keep control of the SCE and DIBL, rules involving scaling of several device and circuit parameters with a common multiplicative factor were proposed.2 The device dimensions tox, L,



106



Chapter 4



W, xj are scaled with a factor 1/κ, where κ > 1. The channel doping concentration is scaled with κ, and the supply voltages with 1/κ. Scaling according to these rules will keep the electric field constant (constant-field scaling). Later a generalized scaling scheme intended to preserve the shape of the electric field was introduced, involving two scaling factors.4 Unfortunately, several undesired effects arise from the scaling. The mobility is degraded when the doping concentration is increased due to higher effective electric field as well as due to impurity scattering. Moreover, the source and drain resistance must be scaled down in proportion to the channel resistance, which is increasingly difficult as the junction depth decreases. Reliability and power dissipation become serious problems in the generalized scaling scheme, associated with the increase of the field intensity resulting from this scheme. The tunneling current through the gate oxide increases exponentially with decreasing thickness. Eventually, for physical oxide thicknesses around 1-1.5 nm the gate leakage current becomes unacceptably high.5 In addition, the depletion of the gate poly-Si (called poly-depletion) gives rise to a reduction of the effective oxide capacitance, since the depletion zone appears as a capacitance acting in series with the gate oxide capacitance. All these effects together demonstrate the need to find alternative materials and device architectures to enhance mobility, control the short channel effects, limit the gate leakage current etc. In the remaining part of this chapter, the most important non-classical CMOS concepts of today will be presented and analyzed in terms of LF noise performance.



1.2



Advanced CMOS technology overview



The various technological requirements on future semiconductor devices are assessed by the International Technology Roadmap for Semiconductors (ITRS).5 The scaling requirements are less stringent on the devices for analog/RF applications compared to the case for digital CMOS. On the other hand, additional requirement such as low 1/f noise are imposed on the analog/RF devices. The scaling predictions and various technology requirements, including the 1/f noise performance, are summarized according the ITRS roadmap for RF and analog mixed-signal CMOS technology in Table 4-1. The shaded areas point out problems for which manufacturable solutions do not exist today. As seen, the 1/f noise is predicted to become a big concern from 2010 and on. Today, CMOS technology dominates in consumer electronics products and can be used for applications below 10 GHz. For higher frequencies, SiGe heterojunction bipolar transistors (HBTs) and transistors based on IIIV materials are used. High electron mobility transistors (HEMTs) and HBTs
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made in GaAs and InP are the fastest devices today and can be used in extremely demanding applications with operating frequencies around 100 GHz. MOS transistors generally show higher 1/f noise than bipolar transistors, and are therefore usually less preferred in low-noise applications. CMOS technology, on the other hand, is superior in terms of low cost, scalability, low standby power, higher integration capability and integrated functions. Due to these reasons and the rapid development of CMOS technology, it is expected that CMOS will gain in importance in the RF/analog domain, especially when the systems require a higher degree of functionality.5,6 Table 4-1. RF and analog/mixed-signal CMOS technology requirements according to the ITRS roadmap, 2005 edition (see http://www.itrs.net). Year of production 2005 2007 2010 2013 2016 2020 DRAM ½ pitch(a) (nm) 80 65 45 32 22 14 (Technology node) Supply voltage(b) (V) 1.2 1.2 1.1 1.0 1.0 1.0 Gate length(c) (nm) 75 53 32 22 16 11 tEOT(d) (nm) 2.2 2.0 1.5 1.3 1.1 0.9 1/f noise(e) (μV2⋅μm2/Hz) 190 160 90 70 50 30 gm/gds at 5⋅Lmin digital(f) 47 32 30 30 30 30 6 6 5 5 4 3 σVT matching(g) (mV⋅μm) Peak fT(h) (GHz) 120 170 280 400 550 790 Peak fmax(i) (GHz) 200 270 420 590 790 1110 0.33 0.25 > Nt,f), the 1/f noise performance is severely degraded. For the Hooge mobility fluctuations, the following relationship can be predicted (uncorrelated noise sources)
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The subscripts refer to front (f) and back channel (b) respectively. When only a small current is carried at the back interface, mobility fluctuation noise will mainly be generated in the front channel. The number fluctuation noise is more sensitive to coupling effects due to the 1/C2 dependence compared to the 1/C scaling for mobility fluctuations. The LF noise overshoot due to floating body effects is greatly suppressed in FD devices, but is not always completely eliminated.25,117 Especially if the back gate is biased in accumulation, kink-related excess noise can cause problems in FD devices as well.28 6.2.3



Accumulation mode SOI



In this subsection, we will examine the 1/f noise properties of AM SOI pMOSFETs and demonstrate that improved low-frequency noise performance can be achieved by exploiting the buried channel concept.
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The investigated SOI pMOSFETs were fabricated on a 20 nm thin Sibody with a light p-type doping (0.6-1 ×1015 cm-3). The devices exhibited a nearly ideal subthreshold slope of 62 mV/dec and well-controlled shortchannel effects down to 0.1 μm gate length. The hole mobility showed a peak value around 130 cm2/Vs which is significantly higher than in comparable bulk Si pMOSFETs. The average distance of the inversion charge from the front oxide interface was simulated for the AM SOI pMOSFETs using the following parameters: tox = 3 nm, tbox = 400 nm, NA = 1×1015 cm-3. The results are shown in Fig. 4-17 and compared with corresponding simulation results for a bulk Si pMOSFET designed for ~0.1 μm gate length (tox = 3 nm, ND = 7.7×1017 cm-3). As seen in Fig. 4-17(a), the carriers are further away from the front oxide interface in the AM SOI devices. Fig. 4-17(b) displays the hole distribution in the Si body, the holes are spread out over the entire body when VFG = VT but piles up at the front oxide interface at higher (front) gate voltage overdrives. 20



10



10 8



cm-3,



NA = VBG = 0 V tfox = 3 nm, tbox = 400 nm



Hole concentration (cm-3)



Average distance (nm)



1015



SOI



6 4



Bulk Si 2 tox = 3 nm, ND = 7.7×1017 cm-3



0 11 10



12



10



Hole density (cm-2)



(a)



19



VFG – VT = −1.5 V



10



18



10



VFG = VT



17



10



16



10



Schred simulation NA = 1015 cm-3 tfox = 3 nm, tbox = 400 nm VBG = 0 V



15



10



14



13



10



10



0



2



4



6



8



(b)



10 12 14 16 18 20



Distance from front oxide in Si body (nm)



Figure 4-17. (a) TCAD simulation of the average distance of the inversion carriers from the front gate oxide interface in a SOI and a bulk Si pMOSFET. (b) Simulated distribution of holes in the 20-nm thin body of a SOI pMOSFET. Schred118 was used for both TCAD simulations.



The normalized drain current noise for these two devices, both fabricated in a similar process with 3-nm pure thermally grown SiO2 as gate dielectrics, is plotted in Fig. 4-18. A clear noise reduction is found for the SOI pMOSFETs and a low αH ~ 9×10-6 was extracted. This is explained by the buried conduction path in the AM devices, which separates the carriers from the gate oxide interface. Note that higher 1/f noise often is found in FD SOI devices in comparison with Si devices due to the fact that the number fluctuation noise increases with the factor (1+Nt,b/Nt,f). Here, it was found that number fluctuation noise may contribute appreciably in the SOI devices when they were operated close to the threshold. In strong inversion, on the
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other hand, mobility fluctuation noise took over as the dominant 1/f noise mechanism. According to our analysis in chapter 3.4.3.3, a lower value of αH can be expected for the mobility fluctuation noise in a buried channel device. -10
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|VGS – VT | (V) Figure 4-18. Drain current noise measured in a SOI and a bulk Si pMOSFET, both with 3-nm SiO2 as (front) gate oxide.



The utilization of a compressively strained SiGe channel on SOI has been found to enhance the hole mobility by more than 60%.119 The 1/f noise performance of these devices was, however, similar to the Si channel ones since the Si-cap was too thin (< 1 nm) to effectively separate the inversion carriers from the oxide interface.42 An optimization of the Si-cap thickness is necessary for improved low-frequency noise performance in buried SiGe channel pMOSFETs, in line with our conclusions in section 4. No evidence of kink-related excess noise was found either for the Si or the SiGe device in the studied bias range as seen in Fig. 4-19, indicating that the problem with floating body is possible to eliminate (or pushed to higher drain bias as suggested by Tseng et al.117) in the FD device architecture. In Fig. 4-19, the dotted curve shows a typical appearance of kink-related excess noise. The exact drain bias where the overshoot occurs is related to gate bias, frequency as well as technology issues such as abruptness of the doping profile.
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−VDS (V) Figure 4-19. Drain current noise vs. drain-source voltage for two AM SOI pMOSFETs.



6.2.4



Schottky Barrier (SB) MOSFETs



The S/D resistance is becoming a difficult problem in ultra scaled CMOS devices, especially if they are fabricated on ultra-thin body SOI substrates. An attractive solution to lower the S/D resistance is by forming Schottky barrier contacts in the S/D regions, usually implemented with metal silicides. High performance Schottky Barrier (SB) pMOSFETs with sub-30-nm gate lengths showing a fT = 280 GHz have recently been reported.120 These devices were fabricated with platinum silicide contacts in the S/D regions. We have studied SOI pMOSFETs where nickel silicide (NiSi) was formed in the S/D. SB MOSFET behaviour was achieved when the NiSi from the S/D regions penetrated into the channel and formed NiSi-Si Schottky junctions as shown in Fig. 4-20(a).121 The ID-VGS characteristics of the SB pMOSFET and a reference device where the Schottky barrier is formed in the extension region are compared in Fig. 4-20(b). The drain current in the SB device is limited by the reverse biased Schottky barrier at the source side at lower bias. The width of the barrier is decreased at higher gate bias, which enhances the tunneling current across the barrier and the S/D resistance reduces. Fig. 4-21 emphasizes the importance of a low S/D resistance also for the LF noise performance.
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Drain current (A) Figure 4-21. Normalized drain current noise plotted for several NiSi Schottky Barrier and reference SOI pMOSFETs. Note that the reference devices in this experiment showed high S/D resistances, explaining the unusual bias dependence of the normalized drain current noise (from von Haartman et al.42).



As seen in Fig. 4-21, the normalized drain current noise is independent of ID, which indicates that the noise originates from the source side in both cases. This follows from Eq. (3-12) by setting gch = 0 (saturation). The fact that the contacts are poor and their area is small (tsi×W = 0.02×10 μm2) make them
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very noisy. The normalized drain current noise starts to decrease and approach the reference device at ID ~ 10-5 A, which indicates that the noise properties of the contact improve as the contact resistance of the NiSi-Si junction starts to decrease. Note that the reference SOI device in Fig. 4-21 shows an unusual 1/f noise behaviour compared to standard MOSFETs due to the large S/D resistance. An improved design of the SB MOSFET together with a transition to a material with low barrier (such as PtSi) is expected to yield reduced S/D resistances as well as decreased 1/f noise. This particular example illustrates how sensitive the 1/f noise is to the presence of bottlenecks for the current transport.



7.



MOSFETS WITH HIGH-K GATE DIELECTRICS



7.1



Replacement of SiO2 with high-k materials



As the gate length is scaled down, the gate oxide capacitance needs to increase in order to control the short channel effects and fulfil the scaling requirements. This evolution has pushed the thickness of the SiO2 gate oxide to its physical limits. As of today (2006), the high performance logic devices have a SiO2 thickness of around 1.1 nm. The gate tunneling current increases exponentially with decreasing thickness.122 For oxide thicknesses around 1-1.5 nm, depending on application, the gate leakage current becomes intolerably high.5 A high gate leakage current causes problems such as increased standby power consumption, deteriorated reliability and device lifetime, and can ruin the whole device operation. By replacing the SiO2, which has a dielectric constant k of 3.9, with a material with higher dielectric constant, the gate leakage current can be maintained at a low level. This is because a physically thicker gate dielectric can be used by replacing the SiO2 with a so-called high-k material.123,124 The equivalent oxide thickness (EOT) is defined as



t EOT =



k SiO2 k high−k



t high−k



(4-18)



which corresponds to the equivalent thickness of SiO2 giving the same capacitance as of the high-k gate dielectric with thickness thigh-k and dielectric constant khigh-k. One of the reasons for the outstanding achievements with CMOS technology is that an excellent insulator, SiO2, has been available. To replace the silicon dioxide is therefore an enormous challenge. The high-k materials
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that are to replace the SiO2 must satisfy various requirements namely: (i) thermodynamically stable together with Si, (ii) process compatible with CMOS, (iii) negligible interface layer formation, (iv) sufficient band offsets to act as tunneling barriers for electrons and holes, (v) high quality interface with Si and (vi) low defect densities.125 A large number of high-k materials, listed in Table 4-2, have been researched in combination with CMOS and several difficulties have been encountered. Table 4-2. Properties of the most commonly researched high-k dielectric materials, from Wilk, Wallace and Anthony.123 Note that the ΔEV values were calculated from the Band gap and ΔEC values in the table according to ΔEV = Eg,high-k − ΔEC − Eg,Si. The properties of mixed materials such as HfSiOxNy and HfAlOx depend on the content of the different atoms in the compound. The dielectric constants of HfSiOxNy and HfAlOx are reported to range between 9-14 and 14-20, respectively.



Material SiO2 Si3N4 Al2O3 Y2O3 La2O3 Ta2O5 TiO2 HfO2 ZrO2



Dielectric constant k 3.9 7 9 15 30 26 80 25 25



Band gap Eg (eV) 8.9 5.1 8.7 5.6 4.3 4.5 3.5 5.7 7.8



ΔEC to Si (eV) 3.2 2 2.8 2.3 2.3 1-1.5 1.2 1.5 1.4



ΔEV to Si (eV) 4.6 2 4.8 2.2 0.9 1.9-2.4 1.2 3.1 5.3



From noise performance point of view it is worrying with the reports about degraded mobility,124,126-129 and high density of traps and fixed charges.123,124,130,131 Not surprising, most reports so far indicate 1-3 orders of magnitude higher 1/f noise compared to CMOS devices with thermal SiO2.12,13,41,43,44,132-137 Other problems that have been frequently observed include threshold voltage instabilities,138,139 dopant penetration, crystallization upon heating, as well as points (i) to (vi) above. Due to these problems, the semiconductor industry has postponed the introduction of high-k materials and instead used existing technology with some modifications. By adding nitrogen to silicon dioxide, forming so called oxynitrides (SiOxNy), the dielectric constant is increased in proportion to the nitrogen content up to a value of 7. Oxynitrides also have the important advantage of suppressing boron penetration from a p+ doped poly-Si gate and improving hot-carrier reliability.54,140 The use of oxynitride is a short term solution until some high-k gate dielectric integrated in CMOS technology is ready for mass production. Hafniumoxide (HfO2) with a dielectric constant of 20-25 is the most studied high-k material and the
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leading contender to replace oxynitrides. Hafniumsilicates (HfSiON) might be an intermediate solution since they are more resistant to crystallization and presently have lower defect densities than HfO2.131 Extensive experimental studies of pMOSFETs with high-k gate dielectrics have been performed at the device technology laboratory, KTH, Kista. The most important results and findings from this work will be presented and analyzed here. The high-k gate dielectric stacks researched in our work were, with one exception, deposited by means of Atomic Layer Deposition (ALD), performed at ASM Microchemistry Oy, Finland. Other techniques, such as Physical Vapour Deposition (PVD, for example sputtering and evaporation), molecular beam epitaxy (MBE), and Metal Organic Chemical Vapour Deposition (MOCVD) are available as well. There exists no systematic study of the impact of the deposition methods in relation to noise, as far as we know. However, ALD is recognized for providing uniform layers with low defect densities, and is together with MOCVD the most frequently used deposition technique for highperformance transistors. Claeys et al. reported that Nt was found to be lower in ALD high-k layers than that for MOCVD.141 -4
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P-channel transistors were fabricated with high-k stacks consisting of Al2O3 layers at top and bottom, sandwiching an HfAlOx, HfO2 or Al2O3 layer in the middle. ALD TiN or in-situ p+ doped poly-SiGe was used as gate electrode material.43,142 Fig. 4-22 shows ID-VGS curves for surface Si and SiGe channel pMOSFETs with HfO2 based high-k gate dielectrics. The Si
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device shows a low subthreshold slope of ~75 mV/dec and an interface state density of around 5×1011 cm-2eV-1. The hole mobility is slightly reduced compared to the universal mobility curve, as seen in Fig. 4-23(a). It is commonly observed that MOSFETs with high-k gate dielectrics show a, to various extent, degraded mobility compared to the universal mobility curves that are derived for Si MOSFETs with SiO2 gate oxide. Scattering from charges in the high-k layer or at the interfaces, remote phonon scattering, remote surface roughness scattering, and crystallization are some of the possible sources behind the mobility degradation.127 For the Si transistor, the origin of the lower mobility is ascribed to remote phonon scattering. The “soft” bonds in a highly polarizable material are associated with low-energy (“soft”) optical phonons giving rise to additional scattering of the carriers in the remote inversion layer.143 This scattering source does not play a major role in SiO2 due to the stiff bond and low dielectric constant, but reduces the mobility in devices with high-k gate dielectrics roughly in proportion the value of the dielectric constant. The hole mobility in the surface SiGe channel devices is enhanced compared to Si, but suffers from Coulomb scattering from fixed charges at low electric fields. An analysis of the temperature sensitivity factor of the mobility, d(1/μeff)/dT, can be used to determine the dominant scattering mechanisms. Fig. 4-23(b) shows the temperature sensitivity factor of the mobility for the high-k MOSFETs. Phonon scattering gives a positive temperature sensitivity factor (phonon limited mobility decreases with temperature), whereas Coulomb scattering gives a negative temperature sensitivity factor. Surface roughness scattering increases weakly with temperature, the temperature sensitivity factor is therefore expected to be small but positive when this mechanism is dominant. From Fig. 4-23(b) it can be observed that the high-k/Si device shows a higher temperature sensitivity factor than that for the SiO2/Si device, indicating influence of remote phonon scattering in the former device. The temperature sensitivity factor is reduced for the SiGe devices due to Coulomb scattering from trapped and fixed charges as indicated earlier.
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Figure 4-23. (a) Effective hole mobility and (b) temperature sensitivity factor of the mobility plotted versus effective electric field for Si and Si0.7Ge0.3 pMOSFETs with HfO2 based high-k gate dielectrics and a TiN or poly-SiGe gate. The temperature sensitivity factor for the TiN/HfAlOx/SiGe device is almost on top of the curve for the TiN/HfO2/SiGe device (not shown). Reprinted from von Haartman et al.41 with permission from IEEE.



7.2



1/f noise characteristics



The replacement of the SiOxNy gate dielectrics with materials having a higher dielectric constant k is required for future CMOS technologies beyond the 65 nm node, in order to maintain a low gate leakage current at the same time as the gate oxide capacitance is scaled up. From a noise perspective, this technology shift leads to orders of magnitude (1-3) higher
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1/f noise compared to CMOS devices with thermal SiO2. The higher 1/f noise is in most cases ascribed to a high density of traps in the high-k gate dielectrics. However, as will be shown here, Hooge mobility fluctuation noise is also important, especially in p-channel MOSFETs. Traps in the high-k material, located from near the channel interface to several nm inside the bulk of the material, can contribute to the 1/f noise. Interfaces between different materials are notorious for high trap densities and can cause g-r noise bumps. Simoen and co-workers have demonstrated that electrons tunneling to and from traps in an HfO2 layer deposited on 2.1-nm SiO2 is the origin of the 1/f γ noise in their devices, which illustrates the McWorther type noise mechanism.144 This agrees with the observation of instabilities in the threshold voltage, which has been explained by charging and discharging of traps in the high-k material by tunneling.138 The oxide trap density Nt in the high-k materials ranges between 4×1017 and 1×1020 cm-3eV-1 as reported from LF noise characterizations. In Fig. 4-24, the different high-k materials are compared, the oxide trap density is shown in (a) and the Hooge parameter in (b). Extracted trap densities for nitrided SiO2 range between 1×1016 and 1×1018 cm-3eV-1, as shown in Fig. 4-3. Trap-density profiles in HfO2 and Al2O3 gate dielectrics derived from various charge-pumping schemes are consistent with the results in Fig. 4-24(a).130,145 It has also been reported that the trap densities in SiO2 increase when high-k materials are deposited on top.12,13 The values at large tEOT in Fig. 4-24 are in most cases for devices with a thick layer of SiO2 between the high-k layer and the substrate, which explain why these devices perform better. The Hooge parameter is found to be in the range 10-4 and 10-2 for the transistors with high-k gate dielectrics, which is higher than in conventional MOSFETs (αH ~ 10-6 - 10-3). The extracted Nt and αH values from the work performed by KTH41-46 are included in Fig. 4-24 along with results published in the literature from other groups.12-14,24,26,31,36-39,132,134-137 Table 4-3 presents a more detailed overview of extracted device and noise parameters in this work. In the following subsections, the LF noise properties of MOSFETs with high-k gate dielectrics are discussed in more detail.
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Gate: TiN, High-k: Al2O3/HfAlOx/Al2O3 (0.5/4/0.5 nm), Channel: Si -0.54 75 3.0 4.8×1011 2.2×10-7 -5×1011 1.9×1018 Gate: TiN, High-k: Al2O3/HfAlOx/Al2O3 (0.5/4/0.5 nm), Channel: Si0.7Ge0.3 -0.21 110 2.9 3.5×1012 1.3×10-7 -1×1012 1.7×1018 Gate: TiN, High-k: Al2O3/HfO2/Al2O3 (0.5/4/0.5 nm), Channel: Si0.7Ge0.3 -0.07 100 2.3 3.2×1012 0.9×10-7 -2×1012 6.5×1018 Gate: TiN, High-k: Al2O3 (5 nm), Channel: Si0.8Ge0.2 0.19 140 3.7 3.0×1012 3.5×10-6 -5×1012 2.4×1019 Gate: poly-SiGe, High-k: Al2O3/HfO2/Al2O3 (0.5/3/0.5 nm), Channel: Si0.7Ge0.3 0.05 100 1.6 3.7×1012 5.1×10-6 -5×1012 9.0×1018



7.2.1



αH @ VGT = 0.1V



Nt (cm-3eV-1)



Nox (cm-2)



JG @ V G = −1.5 V (A/cm2)



Dit (cm-2eV-1)



tEOT (nm)



SS (mV/dec)



VT (V)



Table 4-3. Summary of extracted device and noise parameters for the pMOSFETs with high-k gate dielectrics studied in this work: threshold voltage (VT), subthreshold slope (SS), equivalent oxide thickness (tEOT), density of interface states (Dit), gate-leakage current density (JG), oxide charge density (Nox) at flat band, oxide trap density (Nt), and Hooge parameter (αH). From von Haartman, Malm, and Östling.41



4.1×10-4 2.2×10-4 6.9×10-4 3.0×10-3 6.8×10-4



Experiment and theory



One particular problem with performing LF noise measurements on transistors with high-k gate dielectrics is the threshold voltage instability. A LF noise measurement from 1 Hz to 100 Hz typically takes several minutes. During this time period, the threshold voltage can shift a few tenths of volts, in the worst case. As the threshold voltage is not fixed, care must be taken when studying the noise variation with the gate voltage overdrive for example. In our measurements, the devices were given some time to settle after each bias point adjustment. The drain current was measured before and after the noise measurements at each bias point and the average current was used in the calculations. The drift and variations in the average drain current and transconductance were acceptably low (< 1%) in most cases, except at very low currents in the subthreshold region. For that reason, noise measurements below ID =100 nA in an L = 1 μm MOSFET were not found to be useful, since ID could vary with more than 10%. From theoretical viewpoint, the difference between MOSFETs with high-k or SiO2 gate dielectrics concerns the tunneling attenuation length λ. The barrier height and the effective mass of the carriers differ for the high-k materials and SiO2, see Table 4-2 for barrier heights of the most common high-k materials on Si. Min et al. calculated λ values for HfO2 and Al2O3 in case of electrons tunneling from the conduction band in the Si to the high-k gate dielectrics.13 Table 4-4 summarizes the λ values for the HfO2, Al2O3 and SiO2 gate dielectrics. As noise magnitude differences of a factor of two
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are considered as small, the differences in λ from Table 4-4 can also be considered as small. Table 4-4. Tunneling attenuation length λ calculated for SiO2, HfO2 and Al2O3 on Si. Material λ (cm) λ (cm) electron tunneling from Si CB hole tunneling from Si VB SiO2 1.0×10-8 0.81×10-8 -8 HfO2 2.1×10 1.1×10-8 Al2O3



A complicating circumstance is if the high-k stack is composed of several layers of different materials. Usually, a thin SiO2 interfacial layer is present between the substrate and the high-k stack that may not be intentionally grown. In such cases, the calculation of λ is more complicated.146 Our devices have gate stacks composed by two 5-Å Al2O3 layers sandwiching an HfO2, HfAlOx or Al2O3 layer in the middle. Moreover, a 0-10 Å thick interfacial layer was found to be present between the bottom Al2O3 layer and the substrate. For the sake of simplicity and the insignificant differences in the λ parameter values, we used the values calculated for the SiO2/Si(Ge) system in our work. Thus, for a Si0.7Ge0.3 channel λ decreases slightly to 0.79×10-8 cm for hole tunneling. 7.2.2



Dependence on gate dielectric material



Here, we will discuss the LF noise characteristics of different high-k materials in more detail. Published results are today available primarily for HfO2, Al2O3, HfAlOx and HfSiON gate dielectrics. As mentioned earlier, HfO2 is presently the main contender to replace oxynitrides in future CMOS devices and is by far the most studied high-k material. Additionally, a few LF noise studies of La2O3 and Ta2O5 are also available. A noise performance overview of the aforementioned materials was presented in Fig. 4-24. Fig. 4-25 displays the normalized drain current noise extracted at 10 Hz versus drain current for pMOSFETs with Al2O3, HfAlOx and HfO2 gate dielectrics. Details of the dielectric structures as well as extracted parameters of these devices were summarized in Table 4-3. The 1/f noise for the high-k pMOSFETs is 1-3 orders of magnitude higher than that for the SiO2/Si reference device. On the positive side, the difference decreases with increasing bias down to around a factor of two or three at ID > 30 μA. At lower bias, HfAlOx exhibits the lowest 1/f noise among the high-k materials, whereas the difference between them is small at high bias. The device with 5-nm Al2O3 is noisiest, but in another experiment (see next subsection) a device with 2-nm thick Al2O3 at the bottom interface was somewhat less
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Drain current (A) Figure 4-25. Normalized drain current noise at 10 Hz plotted vs. drain current for Si and SiGe pMOSFETs with high-k gate dielectrics and a TiN gate. A poly-Si/SiO2/Si device is included for comparison.



noisy than the devices with only 0.5-nm interfacial Al2O3. Therefore, it cannot be concluded that Al2O3 performs worse than the other materials. The reason why the Al2O3 contains the highest oxide trap density in this case could be attributed to process induced gate edge damage, a problem sometimes observed with high-k gate dielectrics.147 Is should be noted that the drain current noise PSD was observed to be of the 1/f γ -type with the frequency exponent γ in the range 0.9-1.2 for almost all high-k devices in our study. A γ value close to 1 was always observed in strong inversion, whereas some samples of the Al2O3 and the HfO2 devices showed γ up to 1.2 when biased in the subthreshold regime. An interesting observation, which is further elaborated below, is that the trap density extracted for HfO2 is almost at the same level for devices processed in different batches, with different interface properties and somewhat different deposited thicknesses. However, nMOSFETs seem more sensitive both to the HfO2 thickness as well as the concentration of Hf atoms in the dielectric stack than pMOSFETs. In the work by Simoen and coworkers, significant differences were observed among devices with 3-nm or 5-nm thick HfO2.24 Moreover, Srinivasan et al. report lower 1/f noise for HfSiON than that for HfO2 in case of nMOSFETs but a negligible influence of Hf concentration in pMOSFETs.31 Giusi et al. studied the LF noise in nMOSFETs and reported similar trap densities of HfSiON and SiO2, which
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were more than one order of magnitude lower than that for HfO2.36 Still, the trap densities in HfSiON are generally in excess of 1018 cm-3eV-1, which is about an order of magnitude higher than that for SiON.26,31 7.2.3



Influence of interfacial oxide layer



A thin interfacial layer of SiO2 is in many cases unavoidably and unintentionally formed between the high-k layer and the Si substrate. Obviously, the presence of an interfacial oxide increases the equivalent oxide thickness and its thickness should therefore be minimized. However, an interfacial SiO2 layer can also be desirable for improved mobility and interfacial quality. The thickness of the interfacial SiO2 layer between the high-k and the substrate has been found to be important also for the LF noise properties.133,137 A large separation of the traps and defects in the high-k layer from the carriers in the channel reduces the 1/f noise as fewer carriers can tunnel the long distance. The Coulomb interaction between the charged trap and the channel carriers is also weaker resulting in lower correlated mobility fluctuation noise. But even if a thick SiO2 interfacial layer (~ 4 nm) is used, deposition of a high-k layer on top of it results in higher 1/f noise.12,13 This suggests that defects propagate from the high-k layer towards the bottom interface, as an exchange of carriers at 4-nm distance is highly unlikely. Min et al. have performed a comprehensive investigation of the dependence of the interfacial layer.148 They found an inverse relationship between oxide trap density and interfacial oxide thickness when the interfacial oxide thickness ranged between 0.8 to 1.8 nm. However, a discontinuity in the trap density at the interface between the high-k layer and the interfacial layer is expected to cause a discontinuity in the 1/f γ slope in the noise spectrum according to the McWorther model. Such behaviour was, however, not observed by Min and co-workers. When the interfacial layer is below 1.0 nm thick, its influence on the 1/f noise has been found to be minor according to some reports.37,43 On the other hand, Crupi et al. showed that the mobility fluctuation noise was enhanced when the interfacial layer was thinned from 0.8 nm to 0.4 nm.39 The reason could for example be a stronger impact of remote phonon scattering as will be discussed later. We have studied the influence of the cleaning prior to ALD of the high-k layer.43 The devices used a surface Si0.7Ge0.3 channel and a gate stack consisting of p+ poly-SiGe as gate material and Al2O3/HfO2/Al2O3 as gate dielectrics. Prior to ALD, the Si0.7Ge0.3 surface was treated either with an HF-clean or with an HF-clean followed by waterrinse. This was found to cause a difference in the interfacial oxide thickness of around 0.6 nm with a larger thickness (~0.8 nm) for the water rinsed
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surface. Moreover, the nominal thickness of the bottom Al2O3 layer was varied (0.5 or 2 nm). -21
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Drain current (A) Figure 4-26. Input gate voltage noise plotted for three devices with different thickness of the interfacial layer (IL). The interfacial oxide is composed by Al2O3 and SiO2. A device with SiO2 gate dielectrics is also shown for comparison.



Comparing the 1/f noise characteristics in Fig. 4-26, no significant difference is found between the devices with 0.2 or 0.8 nm interfacial layer (IL). The graph also demonstrates that the high-k devices show significantly increased 1/f noise compared to the SiO2 reference device. The interval of interface layer thicknesses ranges from a few Å up to 1 nm in this study, which may be too narrow in order to observe significant differences in contrast to the report by Crupi et al. In any case, the 1/f noise was not sensitive to the cleaning prior to the ALD process step in this study. The analysis reveals that the device with 2-nm thick Al2O3 at the bottom interface shows a factor of two lower 1/f noise than that for the other devices (0.5-nm nominal thick Al2O3) at low currents. This may be due to the fact that the traps in the HfO2 layer are located too far from the channel to contribute to the 1/f noise, except at frequencies below 10 Hz, in case the bottom Al2O3 layer is 2-nm thick. In a similar type of study, Devireddy et al. reported that a stress-relieved preoxide (SRPO) treatment was found to yield lower 1/f noise at high gate voltage overdrives than that for devices cleaned by an RCA process before high-k deposition.37
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Influence of different annealing treatments



An important challenge is to improve the quality of the high-k gate dielectrics. The density of traps and charges in the bulk of the high-k films and at their interfaces needs to be reduced. The introduction of hydrogen annealing, now a standard process step in Si processing, resulted in lower density of interface states at the SiO2/Si interface and reduced 1/f noise in bipolar and MOS transistors.29,149 The available reports about the impact of annealing on the LF noise characteristics in MOSFETs with high-k gate dielectrics are scarce so far. Srinivasan and co-workers performed a postdeposition anneal (PDA) in a N2 or NH3 ambient after deposition of HfO2 gate dielectrics.150 The N2 anneal did not have any significant impact on the LF noise performance, whereas the NH3 anneal led to one order of magnitude higher LF noise in the nMOSFETs. The pMOSFETs, on the other hand, were less affected but the un-annealed devices showed slightly lower LF noise. Even though annealing in nitrogen can have a positive influence on the high-k gate dielectrics, for example lower EOT values and reduced dopant penetration, incorporation of nitrogen often leads to higher LF noise. Nitrogen is believed to cause defects in the oxide, increasing the number fluctuation noise. In this work, a novel type of post-metallization annealing was investigated.151 A forming gas anneal, 10% H2/90% N2 at 400 °C, was employed in all high-k devices in this work and is not given particular attention here. Instead, in order to reduce the fixed charge and trap densities in the high-k material (even further), thereby possibly reducing the 1/f noise, a novel post-processing step in form of low-temperature water vapour annealing was performed. The water vapour annealing was found to be effective in reducing the negative charge in the Al2O3. Fig. 4-27(a) displays the shift in threshold voltage with annealing time and Fig. 4-27(b) demonstrates the effects on the hole mobility. As expected, the mobility increased at low effective field as the oxide charge decreased due to reduced Coulomb scattering. The mobility was found to be maximized after 90-min H2O annealing. As the annealing continued after that, positive charge was added in the gate dielectrics causing decreased mobility as evidenced in Fig. 4-27(b). The effects on the 1/f noise characteristics were shown to be twofold. The H2O annealing was not found to reduce the 1/f noise itself (at least not when the devices were annealed for 210 min), but the combination of H2O annealing and a subsequent bake in Argon resulted in improved noise performance, as seen in Fig. 4-28. The slope of the SI/I2 curve was found to change with annealing. The curve for the un-annealed device followed a 1/I β
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Figure 4-27. (a) Threshold voltage vs. annealing time. The H2O annealing was carried out at 300 °C. (b) Hole mobility extracted from ID-VGS curves for various H2O annealing times. The mobility for the devices annealed in Ar for 60 min after the 210 min H2O annealing is very similar to that for the un-annealed devices. Reprinted from von Haartman et al.151 with permission from Elsevier.
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Drain current (A) Figure 4-28. Normalized drain current noise at 10 Hz for an un-annealed, a 210 min H2O annealed and an Ar-treated Si0.8Ge0.2 pMOSFET with Al2O3 gate dielectrics. VDS = −50 mV, W/L = 10/1 μm. Reprinted from von Haartman et al.151 with permission from Elsevier.



behaviour in strong inversion with β around 2.8, whereas β was extracted to be between 1.8 and 2.2 for the H2O annealed and Ar-treated devices. This difference was attributed to the influence of correlated mobility fluctuations. A negative correlation was found for the un-annealed device, which leads to a steeper decrease of SI /I 2 with drain current. The negative correlation is
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consistent with the fact that the gate dielectrics contained a negative charge. The negative charge is reduced upon trapping a hole, which results in a decrease of the Coulomb scattering and consequently a negative correlation between the fluctuating inversion charge density and the fluctuating mobility. The 210 min annealed device, on the other hand, contains a positive charge. Then the mobility reduces upon trapping a hole, and the inversion charge and mobility fluctuations correlate positively. The scattering parameter α was studied versus the threshold voltage of the devices (ΔVT = −ΔQox/Cox) which was illustrated in Fig. 3-10(b). The maximum magnitude of α was found to be around 1×104 Vs/C. The magnitude and sign in front of α depend on the type of traps (acceptor or donor), see Table 3-1 in chapter 3.3.3, as well as the nature of the charge in the gate dielectrics. These two examples demonstrate that annealing is important for the LF noise characteristics. An optimization of the annealing, deposition, interfacial cleaning and interfacial oxide layer thickness is expected to eventually bring down the 1/f noise of the high-k MOSFETs to acceptable levels. Already today, Nt values in the range 101 7 cm -3 eV-1 have been reported, which fulfil the ITRS requirements. 7.2.5



Channel type and material



Most MOSFETs with high-k gate dielectrics are fabricated on a Si substrate. However, other materials, for example Ge, SiGe, GaAs etc, have higher carrier mobilities than Si. One important motivation to use Si is the superior quality of the SiO2 gate oxide that is formed at the Si surface by oxidation. If the SiO2 anyway must be replaced, why not replace the channel material also? In the long term, different flavors of CMOS technology in terms of channel materials in combination with high-k are expected to emerge. The purpose here is to discuss the impact of the channel type and material on the LF noise properties. So far, most work has been focused on integration of SiGe with high-k, however some recent results on Ge-oninsulator MOSFETs with HfO2 are also available. In the latter devices, the trap density was found to be in the range 1×1020 cm-3eV-1, roughly one decade higher than that in the Si reference devices.84 The Ge/interfacial layer was found to of poor quality and considered to be a major reason for the higher noise in these devices. For the former type of device with a SiGe channel, the technology is more mature. The device technology group at KTH has made important efforts in fabricating and evaluating such devices; the results of this work will be presented here. High-k MOSFETs utilizing a surface SiGe channel have been investigated. A compressively strained SiGe channel is desired for its
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superior hole mobility compared to Si. Since no oxidation step is performed in the MOSFETs with high-k gate dielectrics, the Si-cap might no longer be necessary for maintaining a low interface state density. A surface channel is advantageous since the parasitic current limiting the drive current enhancement in a buried SiGe channel transistor is eliminated. However, the interface state density is almost one order of magnitude higher in the fabricated surface SiGe transistors, likely due to the formation of an interfacial oxide layer; see Table 4-3. Still, the 1/f noise performance is not deteriorated in the SiGe channel transistors. Comparing the two HfAlOx transistors in Fig. 4-25, no significant difference in noise level is found. In fact, by studying the drain current noise versus gate voltage overdrive, a noise reduction by a factor around two is observed for the SiGe transistors. This is demonstrated in Fig. 4-29 showing the Hooge parameter plotted as a function of gate voltage overdrive. Note that the devices with poly-SiGe gate show higher noise compared to the devices with TiN gate, which will be further addressed in the next section. -3
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⏐VGS – VT ⏐ (V) Figure 4-29. Hooge parameter vs. gate voltage overdrive for high-k pMOSFETs with a SiGe or Si channel. A poly-Si/SiO2/Si reference device is shown for comparison.



An important relationship is found if the Hooge parameter is studied versus low-field mobility as shown Fig. 4-30. The graph shows the Hooge parameter, extracted at VGT = 1 V, for all high-k MOSFETs investigated in this work. As seen, lower αH values are obtained for the SiGe devices than that for the Si devices with the same gate stack. The dispersion in
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αH and μ0 values is not dramatic, even though some of the extracted values are from transistors with different gate lengths. An interesting observation in Fig. 4-30 is that low noise is correlated to a high mobility and vice versa. This indicates that the 1/f noise mechanism is related to some scattering mechanism. A more detailed analysis carried out elsewhere demonstrates that the phonon scattering can explain the mobility differences among the devices with different gate stack and channel material, which suggests that mobility fluctuation noise prevail.41 High-k transistors suffer from an additional phonon scattering contribution, the remote phonons in the high-k gate dielectrics, which might be one explanation why these devices show higher 1/f noise than conventional CMOS transistors.
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Figure 4-30. Hooge parameter values extracted at VGS − VT = −1 V studied vs. low-field mobility for various pMOSFETs with high-k gate dielectrics.



Note that Simoen et al. also found a similar relationship when the trap density was plotted versus the mobility.24 In their study, they compared the parameters for different samples of the same device type and found a correlation between low trap density and high mobility. In Fig. 4-30, the parameters are compared for several samples of different devices. The channel, gate dielectric and gate electrode materials differ in the studied devices. The general trend is that a low αH is correlated to a high μ0 also when a certain device type is studied. Thus, a random density of defects and imperfections cause correlated variations in both these parameters. However, the relationship is weak or different in some cases. Two important conclusions can be drawn from this study. First, the mobility and the 1/f
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noise are affected by the same mechanism. Secondly, optimization of the mobility likely results in lower 1/f noise, which of course is highly desirable. This can be expected to hold for a family of devices with similar technology and similar densities of defects. The high 1/f noise level in the high-k transistors is a problem, which could disqualify them to be used in future analog circuits according to Fig. 4-3. Techniques to lower the 1/f noise should therefore be sought out. Buried SiGe channel pMOSFETs have been successful in lowering the 1/f noise in the past. Studies performed on high-k gate dielectrics pMOSFETs indicate that the 1/f noise is reduced when a forward substrate bias is applied, as shown in Fig. 4-31, which suggest that a buried channel can be beneficial also for these types of devices. In the first attempt to fabricate buried SiGe channel transistors with HfO2 gate dielectrics, no significant reduction in the noise level was observed.45 According to Ghibaudo and Chroboczek,81 1/f noise originating from trapping/release phenomena in the gate dielectrics is not necessarily reduced although most of the current flows in a buried SiGe channel. If the trap densities in the gate dielectrics are similar one could also expect similar noise levels. However, neither the quality of the compressively strained SiGe layer nor the high-k was optimized. Further studies should therefore be undertaken. -9



SVG (V2/Hz)



10



TiN/HfAlOx/Si @ I D=2.0μA TiN/HfAlOx/Si @ I D=17μA poly-SiGe/HfO2/SiGe @ I D=4.2μA poly-SiGe/HfO2/SiGe @ I D=41μA



-10



10



-11



10



-1



-0.5



0



0.5



1



1.5



VBS (V) Figure 4-31. Input gate voltage noise at different ID plotted vs. body-source voltage VBS for two different pMOSFETs with high-k gate dielectrics. A forward substrate bias reduces the 1/f noise in the studied devices, especially at higher drain currents. W/L = 10/1 μm, VDS = −50 mV, f = 10 Hz.
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1/f noise modeling



So far, most evidence has pointed to a number fluctuation noise origin in MOSFETs with high-k gate dielectrics. But as the trap densities have decreased to more moderate levels, thus generating lower number fluctuation noise, the mobility fluctuation noise have been found to become dominant in many of the studied pMOSFETs.31,39,41 In this work, the devices with polySiGe gate or TiN gate and HfAlOx gate dielectrics are well modeled with Hooge’s model. An example was given in Fig. 4-29 showing that αH is relatively constant in accordance with Hooge’s model. However, the normalized drain current noise in the devices with TiN gate and HfO2 or Al2O3 gate dielectrics showed a stronger ID dependence (see Fig. 4-25), the 1/f noise is then better explained with the number fluctuation noise model. This indicates that the trap density is higher in those gate dielectric structures. An important difference regarding the noise mechanisms and modeling compared to standard transistors with SiO2 gate dielectrics concerns the correlated mobility fluctuations. In Fig. 4-32, the gate voltage noise is plotted versus ID/gm for TiN gated transistors with high-k gate dielectrics. The solid lines are simulations using the model in Eq. (3-30) with the following α values: 4×104 (HfAlOx/Si), 1×104 (HfAlOx/SiGe), −8×103 (Al2O3/SiGe), −1×103 or 6×103 Vs/C (HfO2/SiGe). Negative values of the scattering parameter are found which is unusual for standard CMOS transistors. This indicates for example that the dominant type of trap (acceptor or donor) differs for different gate dielectric materials. As seen, the HfO2 and Al2O3 devices are difficult to model over the whole studied bias range due to the U-shaped gate voltage noise curve, which suggest that two different noise mechanisms are involved. In the subthreshold region and at low gate voltage overdrives, the number fluctuation noise dominates. Thus, the density of traps in the high-k gate dielectrics is important in this region. As shown in Table 4-3, the oxide charge density is higher in the HfO2 and Al2O3 gate stacks, which points to a higher trap density. In the strong inversion region, on the other hand, the gate voltage noise curves for all the devices studied in Fig. 4-32 approach each other, irrespective of the noise level in weak inversion. This suggests that another noise mechanism is dominant in this region of operation. Mobility fluctuations take over as the dominant noise source in strong inversion. The mobility fluctuations are less sensitive to the gate dielectric material, but instead more dependent on the channel material and gate material since these two components have a large impact on the mobility.
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ID/gm (V) Figure 4-32. Input gate voltage noise plotted vs. ID/gm. The solid lines are simulations using Eq. (3-30). The α values used in the model are indicated. Reprinted from von Haartman et al.41 with permission from IEEE.



7.2.7



Summary and future outlook



MOSFETs with high-k gate dielectrics show increased 1/f noise compared to transistors using SiO2 due to large defect densities originating from the high-k materials and possibly also due to mobility fluctuations originating from the remote phonon scattering. In terms of high-k materials, HfAlOx and HfSiON often contain lower trap densities Nt than HfO2 and Al2O3 do. HfO2 is the main contender to replace SiO2 and has therefore been studied more extensively and has been further optimized compared to the other materials. As with technology shifts, some time must be expended to learn the new materials and processing methods. We can expect that the 1/f noise will be reduced as the technology becomes more mature. Today, the 1/f noise of HfO2 gate dielectric devices has reached acceptable levels according to some reports (Nt in the range of 4×1017 cm-3eV-1), thus indicating that the ITRS requirements can be met.37 An important finding, which we will discuss in more detail in the next section, is that the reduced 1/f noise found in these studies partly is a consequence from replacing the poly-Si with a metal gate material. Concepts to reduce the 1/f noise, such as using a buried channel, also need to be explored more in high-k devices. In this context, it is encouraging with the results presented in this work where reduced device 1/f noise was found when the substrate was forward biased. In conclusion, based on our results the noise properties of high-k gate
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dielectrics seem promising for future generations of MOSFETs, yet some problems remains to be solved.



8.



METAL GATE DEVICES



8.1



Metal gate materials and characteristics



The use of a metal gate instead of the poly-Si eliminates the problem with dopant penetration through the gate dielectric, Fermi-level pinning that can raise the threshold voltage of transistors with a poly-Si/high-k gate stack, and poly-depletion that reduces the effective oxide capacitance.14,152,153 The sheet resistance, which is important for the high-frequency properties of the device, can potentially be lower in a metal gate technology. Furthermore, if a mid-gap metal gate is used in combination with high-k gate dielectrics, the mobility degradation due to remote phonons has been reported to diminish due to more effective screening of the soft phonon modes from coupling to the channel.154 However, the work function of the metal gate electrode material must be appropriate to give the correct threshold voltage; thermal stability and process integration are other issues. Several metal gate candidates have been investigated such as TaN, TaSiN, Mo, Ru, TiAlN (see Sjöblom et al.153 and references therein), TiN, 14,142 and fully silicided (FUSI) gates using for example NiSi.152 We have studied TiN in combination with high-k in this work. TiN was found to be attractive both due to a higher hole mobility in the devices in comparison with the poly-SiGe gated ones, as shown in Fig. 4-23, and lower 1/f noise.



8.2



1/f noise characteristics



Replacing the poly-Si with a metal or silicide such as TiN, TaSiN, NiSi or TaN is highly desired and is currently a vivid research topic. As the gate dielectrics becomes thinner and thinner, the impact of the gate material on the device properties is expected to increase. For high-k MOSFETs, there are several reports indicating lower 1/f noise when a metal gate is used instead of a poly-Si gate. It was shown in the previous section that the TiN gate was found to be favourable in comparison with the poly-SiGe gate in terms of both mobility and 1/f noise performance in the transistors with highk gate dielectrics. Recent reports confirm these exciting results for PVD TaN, NiSi,155 and ALD TaSiN.37 The lowering of the 1/f noise is mainly observed in the strong inversion regime. Fig. 4-33 illustrates the normalized drain current noise plotted versus gate voltage overdrive for poly-SiGe and TiN gated transistors with Al2O3/HfO2/Al2O3 stacks as gate dielectrics. As
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observed, the normalized drain current noise is at the same level for all the HfO2 gate dielectric pMOSFETs at low bias, whereas the TiN gated device shows significantly reduced noise in strong inversion. -18
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⏐VGS – VT⏐ (V) Figure 4-33. Normalized drain current noise studied vs. gate voltage overdrive for pMOSFETs with high-k gate dielectrics in form of Al2O3/HfO2/Al2O3 stacks and using TiN (metal gate) or poly-SiGe as gate electrode material.



The 1/f noise lowering has been reported for TiN, TaSiN, TaN and NiSi gate materials, which might suggest that the noise reduction is due to an inherent property of the metal gate. The metal gate is known to alleviate the effect of remote phonon scattering on the hole mobility. The same mechanism is here proposed to explain the 1/f noise reduction. The mobility fluctuation noise is assumed to be mainly generated in the phonon scattering. Therefore, a high-k device with a metal gate can be less noisy than the same device with a poly-Si gate. On the other hand, the traps and charges at the gate-dielectric interface might also be better screened by a metal gate, as indicated by Srinivasan et al.155 Another explanation of the lower 1/f noise is that the metal gate has some positive impact on the oxide trap density. The difference in metal gate deposition compared to a poly-Si process could affect the quality of the gate electrode/gate dielectric interface as well as the underlying gate oxide as suggested by Devireddy et al.37 Srinivasan et al. instead speculate in a recent publication that the noise reduction is attributed to a lower concentration of oxygen-vacancy related defects when a metal gate is used.38 However, an unoptimized deposition process can induce additional traps in the gate
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dielectrics. Lee et al. investigated pMOSFETs on SOI with a Mo gate.22 The Mo film was deposited using DC magnetron sputtering and a 2.5-nm thick gate oxide was used. The results pointed to a relatively high noise level (Nt ~ 1×1018 cm-3eV-1), roughly one order of magnitude higher than that of conventional poly-Si gated MOSFETs. In summary, further experiments are needed to pinpoint the exact origin of the lower 1/f noise in metal gate MOSFETs; the results on using metal gates in combination with high-k gate dielectrics are very promising so far.



9.



MULTIPLE GATE DEVICES



9.1



Device structures and characteristics



The multiple-gate MOSFET concept is a very attractive solution for ultra-scaled CMOS technologies at the 45 nm node and beyond. Several multiple-gate architectures have been proposed, such as back gated ultra-thin body SOI,104,116,156 gate-all-around MOSFETs,157 FinFETs,158 and Omega FETs.111 The advantages by using multiple gates are mainly improved drive current, better control of the short channel effect and reduced drain-inducedbarrier-lowering. By increasing the number of gates, their electrostatic control of the channel is improved correspondingly. In chapter 6.1.2 about FD SOI devices, we mentioned that a silicon body thickness corresponding to 1/3 of the gate length is required to control the short-channel effect. For a double gate device, like the FinFET, the required body thickness tSi is 2L/3, increasing to tSi ≈ L for a tri-gate device (for example Omega FETs). Thus, shorter gate lengths can be used for a certain body thickness if the number of gates is increased. FinFETs have received a lot of attention because of their excellent performance and the relatively simple fabrication. Other multiple-gate devices like the Omega FET use a very similar fabrication process. The idea is to make a thin fin or nano-wire in the Si body of a SOI substrate. The gate stack is deposited on top and patterned. The conducting channels are formed at the sidewall of the silicon fin and on top of the fin (for a tri-gate device) as illustrated in Fig. 4-34. The sidewall channels are in the (110) crystal direction, which is different from a planar CMOS device that normally uses the (100) direction. The (110) crystal direction is beneficial for hole transport providing a significant improvement of around 100% for the hole mobility.158 The electron mobility, on the other hand, is lower in the (110) crystal direction. When the fin thickness is below ~10 nm, volume inversion effects start to play a role in confining the inversion carriers to the interior of the body



160



Chapter 4



instead of at the surfaces. By inverting the interior of the body, the scattering and the noise generation related to the gate dielectric interfaces are avoided. Higher mobilities have been reported in such devices104,116,159 and there are indications that the 1/f noise can be lower as well.113
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Figure 4-34. Schematic cross section (left) and side view (right) of a tri-gate MOSFET.



9.2



1/f noise characteristics



Presently, there are only a few publications available about the LF noise properties of multiple gate MOSFETs leaving many issues to be explored in the future. The FinFET conducts current in a vertical mode, which may lead to degraded 1/f noise performance according to recent reported results.160,161 The etching of the sidewalls of the fin could lead to higher micro-roughness and increased trap densities at the gate oxide/channel interface, which might be one explanation for the higher 1/f noise. Also, the gate area of FinFETs is very small, thus the devices might suffer from edge effects. On the other hand, by using a thin Si body (< ~10nm), volume inversion effects could potentially result in (much) lower 1/f noise. Significantly lower noise was reported for gate-all-around MOSFETs under some bias conditions,157 although the film thickness was too large in that case (100 nm) to produce volume inversion. In the few reports about the low-frequency noise characteristics of FinFETs so far,29,34,162 no evidence of lower noise due to volume inversion has been observed. As seen in Fig. 4-3, low Nt values are found for some FinFETs that were annealed in hydrogen, but the values are not lower than that in bulk CMOS. Therefore, further development of the multiple-gate MOS-technology is necessary, and further LF noise investigations of multiple gate MOSFETs are urgently asked for. Recent results on a special four-gate FET, which combines the JFET and MOSFET operation modes, indicate a 1/f noise reduction by one order of magnitude for volume conduction compared to surface conduction.163
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Akarvardar and co-workers discussed a transition from number fluctuation noise to mobility fluctuation noise when the conduction channel moved from the surface towards the center of the Si film. However, g-r noise was observed in both conduction regimes and the frequency exponent was generally smaller (γ ≈ 0.7 compared to γ ≈ 1) for the volume conduction mode. This indicates that the total noise likely is a combination of number and mobility fluctuations for both conduction modes. In fact, the mobility fluctuation noise is reduced in the volume conduction mode as well. The value of the Hooge parameter was found to be 2×10-5, which is a typical value for a Si MOSFET with pure SiO2 as gate oxide. Nevertheless, the results obtained by Akarvardar et al. confirm the potential with volume conduction for minimization of the 1/f noise.



SUMMARY This chapter has presented an overview of advanced CMOS concepts including ultra-scaled MOSFETs, buried/surface SiGe channels, strained-Si, high-k gate dielectrics, nitrided SiO2, SOI, multiple-gate architectures, metal gates, Ge-on-insulator, and Schottky Barrier MOSFETs. We have in detail addressed the low-frequency noise properties in each of these CMOS technologies. The most important findings are summarized below. Technology solutions to reduce the LF noise: • Buried channel for the drain current. Examples: buried channel MOSFETs fabricated by counter doping the surface of the substrate, buried SiGe channel pMOSFETs, JFETs, AM SOI MOSFETs, and (potentially) multiple-gate devices showing volume inversion. Moreover, the channel carriers will be located further away from the gate oxide interface in case of a forward bias on the substrate (or an appropriate back gate bias for a SOI MOSFET), which is expected to lower the LF noise. • Metal gates can lower the 1/f noise in MOSFETs with high-k gate dielectrics. • Improved quality of the gate dielectrics, which can be achieved by annealing or using improved growth/deposition and cleaning methods. • Larger device area and thinner gate dielectrics. However, thinning the gate dielectrics enhances the gate leakage current and the noise associated with it. • Strained-Si has been reported to show reduced 1/f noise. • Lower S/D resistance (important in the high-current regime).
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Technology solutions that could or will lead to higher LF noise: • High-k gate dielectrics. • Nitrided SiO2. • SOI, due to floating body effects (mainly PD devices) and front-back gate coupling effects (FD). • Strained-Si (locally stressed). • Strained-Si devices fabricated on SiGe virtual substrates, due to dislocations and Ge-outdiffusion. • Ge channel MOSFETs. • Schottky Barrier MOSFETs. • Downscaling of the MOSFET gate width and gate length. • Complex device structures. • Technology that leads to high defect densities (especially in the gate oxide and the channel) and poor quality of the gate oxide/channel interface. Technology solutions that improve the performance of MOSFETs without sacrificing the noise performance (and not in the first group): • Changing channel orientation. • Strained-Si (could in same cases lead to either lower or higher LF noise). • S/D engineering (as long as the LF noise generated in the channel dominates).
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PROBLEMS 1. The drain current noise is measured in a Si nMOSFET biased at VGS − VT = 0.1 V and VDS = 25 mV. The drain current noise in the channel is found to be of the 1/f type and equals



S I D = 1.4×10-17 A2/Hz at f = 10 Hz and ID = 114 μA. (a) Estimate the oxide trap density and Hooge parameter for the device. (b) Does the device fulfil the ITRS requirements on the 1/f noise? Device parameters: W = 10 μm L = 75 nm tEOT = 2.2 nm (SiO2). 2. A new device is being developed that will triple the cut-off frequency fT. The device can be designed in four different CMOS technologies. Evaluate these alternatives from a gate voltage noise point of view and compare with the original device. Number fluctuations dominate unless otherwise mentioned. i) The device gate length L and tEOT are scaled by a factor 1/2. A high-k gate dielectric is used in order to be able to scale down the tEOT that much, however at the expense at a six-fold increase in the oxide trap density. The mobility decreases to 3/4 of its original value in this device.
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ii) Strain engineering is used to enhance the mobility by 69%. The gate length and tEOT are scaled by a factor 3/4. In order to scale down tEOT, the nitrogen content in the gate oxide was increased. The 1/f noise was found to be dominated by mobility fluctuations with a Hooge parameter value that was two times higher than that in the reference device. iii) A fully depleted SOI-technology is used. L is scaled by a factor 2/3. The body coefficient decreases 25% and the mobility remains unchanged. The front oxide trap density is the same as in the reference device, but the back oxide trap density is three times higher than in the front. iv) A new advanced channel material that improves the mobility by a factor of three was developed for a device with a 2 times larger tEOT than in the reference device. Both the oxide trap density and the gate length are unchanged.



This page intentionally blank



Chapter 5 INTRODUCTION TO NOISE IN RF/ANALOG CIRCUITS



1.



INTRODUCTION



Up to now, we have discussed the low-frequency (LF) noise in MOS transistors, the different noise mechanisms, models and various technology considerations. One intriguing questions remains, how does the LF noise affect an electronic circuit? LF noise is presently not an important consideration for a digital circuit, as can be understood intuitively, since discrete voltage levels (represented by “zeroes” and “ones”) are processed. The digital circuits are primarily optimized by the trade-off between speed and power consumption. For an RF/analog circuit on the other hand, several additional circuit properties (including noise) must be considered. Thus, the design of RF and analog circuits involve considerations and trade-offs such as gain, power dissipation, linearity, noise, speed, voltage swings, input/output impedance and supply voltage.1 LF noise is one of the key difficulties in RF and analog circuit design, which is expected to increase in importance as the devices are downsized and the technology becomes more and more advanced. At the 45 nm node and beyond the LF noise could even affect the function of digital circuits as predicted by Deen and Marinov.2 The complexity of RF design entails specialized characterization and accurate modeling of the RF devices,1,3 which explains our efforts in the previous chapters to discuss these issues. In this chapter, we will explain why noise, and in particular, LF noise is a problem in analog/RF circuits. Some of the most important circuits, the voltage controlled oscillator (VCO), mixer and low-noise amplifier (LNA), are discussed from a noise point of view. These 175
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circuits are found in transmitters-receivers (transceivers) systems used in communications. Someone familiar with electronic circuits may find the presentation here too simplified, but the primary goal is to provide an introduction to noise in analog/RF circuits in order to bring together the physics and device world with the circuit world. We mainly discuss the effects of LF noise and thermal noise on the above mentioned electrical circuits. So called “noise coupling” effects, for example the coupling of power supply and transistor switching disturbances through the substrate or metal layers, are not treated here.



2.



IMPACT OF 1/f NOISE IN RF CIRCUITS



The signal-to-noise ratio (SNR), equal to the signal power divided by the noise power, for an electronic circuit must be sufficiently high in order for the circuit to function properly. When the SNR is too low the desired signal becomes difficult to distinguish from the background noise causing degraded quality of the information delivered by the circuit, or in the worst case the circuit completely fails to deliver any intelligent information. In some cases, this can be circumvented by increasing the signal power, of course at the expense of increasing power dissipation. The total noise power should be integrated over the bandwidth of the circuit, as explained in chapter 1. Therefore, another way to increase the SNR is to limit the bandwidth. In this way, the effect of the 1/f noise can be avoided in many circuits. However, the 1/f noise might still contribute to the total noise power since it can be upconverted to higher frequencies. In a circuit with a periodically varying operating point, the noise can be modulated by the input signal causing cyclostationary noise. This occurs due to the noise sources being bias dependent or due to a modulation of the transfer function for the noise from the source to the output (nonlinearity).4 Both the amplitude and the phase of the periodic signal can be modulated by noise, therefore one speaks about amplitude modulation (AM) and phase modulation (PM) noise. A simple example of cyclostationary noise is given in Fig. 5-1, showing a voltagecontrolled switch being operated by a periodic signal. The periodic switching causes periodically varying fluctuations at the output. Due to the upconversion of the 1/f noise, for example to phase noise in a VCO which will be described in the next section, the 1/f noise stemming from the devices shows up at higher frequencies and may cause a severe degradation of the SNR in the bandwidth of interest. Fig. 5-2 describes a receiver system where the bandwidth is divided in frequency slots for the different communication channels. The phase noise generated around the
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carrier frequency in an adjacent channel interferes with the signal in the channel of interest. The signal-to-noise ratio becomes degraded due to the phase noise. The influence of the phase noise can be reduced by placing the channels further apart in frequency. However, this obviously leads to fewer channels within the bandwidth resulting in lower information capacity of the communication system.



Noisy device



Desired signal



n+1



Frequency band divided in channels



n



Figure 5-1. Example of cyclostationary noise. The voltage-controlled switch modulates the noise from the device.



Signal in nearby channel with phase noise



noise



f Figure 5-2. Description how phase noise could affect a receiver system. The phase noise around an interferer in an adjacent channel mixes with the signal in the desired channel and degrades the SNR.
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3.



VOLTAGE CONTROLLED OSCILLATOR (VCO)



3.1



The VCO and phase noise



Voltage controlled oscillators are used to produce a periodic signal at a certain frequency that can be varied by an applied voltage. A typical LC oscillator consists of a passive LC-tank whose resonance frequency sets the frequency of oscillation. The energy loss in the LC-tank is precisely compensated by the energy supplied by an active device, typically a transistor. The VCO is a key building block in wireless transceivers, where it is used together with the mixer to perform frequency translation. The received RF signal (at 900 or 1800 MHz in the GSM, for example) is multiplied with the oscillator signal in the mixer to downconvert the RF signal to an intermediate frequency (heterodyne architecture) or directly to the baseband (homodyne). The VCO and the mixer are used in the opposite way to generate an RF signal from the baseband signal in the transmit path. An ideal oscillator generates a perfect sinusoidal signal, which corresponds to a pulse in the frequency spectrum, see Fig. 5-3(a). For an actual oscillator, however, the spectrum exhibits “skirts” around the centre frequency called phase noise,5 as shown in Fig. 5-3(b). Phase noise is a difficult problem in wireless transceivers; RF oscillators must therefore meet stringent phase noise requirements for these kinds of circuits. Both the desired signal and the signals in the adjacent channels are downconverted by the oscillator which exhibits finite phase noise. The phase noise from the downconverted interfering signal is mixed with the downconverted desired signal at the output, the two spectra overlap corrupting the signal-to-noise ratio, as explained in Fig. 5-2.



Ideal oscillator



Actual oscillator



a



b f0



f0 Δf



Figure 5-3. (a) Ideal oscillator signal. (b) Actual oscillator signal with phase noise.
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Upconverted 1/f noise



Device 1/f noise is a particular problem for VCOs since it is upconverted to phase noise at small frequency offsets from the carrier frequency and therefore sets the ultimate separation limit of two channels.5-9 Fig. 5-4 schematically illustrates the phase noise spectrum and the different physical origins of the phase noise. One drawback with oscillators implemented in CMOS compared to bipolar technology is the inferior 1/f noise performance in the former technology, which has been thought to exclude CMOS to be used in high-performance oscillators.6 This is a motivation to study how 1/f noise is upconverted to phase noise in oscillators and to understand the mechanisms behind the 1/f noise in CMOS transistors in order to be able to reduce the phase noise originating from device 1/f noise by proper design. SI



L(Δf)



Sum of upconverted and downconverted device white noise



1/f 3



1/f noise Thermal noise



1/f corner



Upconverted device 1/f noise



f0



2f0



Transistor noise



log f



1/f 2



1/f 3 corner



Oscillator white noise level



log Δf



VCO phase noise



Figure 5-4. Schematic illustration of the phase noise spectrum (in log-log plot) and how the device noise is transferred to phase noise.



The 1/f noise of each transistor in the oscillator can contribute to the phase noise, but the transistors used for the frequency control are particularly important.5 Fig. 5-5 shows an example of a complementary cross-coupled LC oscillator for low phase noise. The tail transistor (bottom transistor in Fig. 5-5) has been shown to be the main source of the upconverted 1/f noise.10,11 The frequency of oscillation is a function of the current flowing through this device. Thus, low-frequency noise in the current is directly translated to low-frequency noise in the frequency of oscillation, to phase noise. The tail transistor should therefore be designed for low noise, for example by increasing the area.
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VDD
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C



Itail Vbias



Tail transistor



Figure 5-5. Complementary oscillator topology for low phase noise.



The phase noise generation also depends on the circuit symmetry. A general theory of phase noise in electrical oscillators based on linearization of a time variant system was given by Hajimiri and Lee.6 Noise located near integer multiples of the oscillation frequency contributes to the total phase noise, according to their approach. The upconversion of the 1/f noise is sensitive to symmetry properties of the oscillator waveform. The impulse sensitivity function (ISF) describes how much phase shift that results from an impulse at different positions in the oscillation cycle. The ISF is periodic and can therefore be expanded in a Fourier series ∞



ISF (ω0 t ) = c0 / 2 + ∑ cn cos(nω0t + θ n ) .



(5-1)



n =1



Here, ω0 is the frequency of oscillation, t is the time, cn are Fourier coefficients. θn is the phase of the nth harmonic, which has turned out to be unimportant for the calculations and will therefore be ignored. The phase noise resulting from the transistor drain current noise can then be written
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(5-2)



S I D ,th = PSD of the thermal noise in the drain current where qmax = C × Vmax is the maximum charge displacement across the tank capacitor C determined by the maximum voltage swing across the tank Vmax. As seen in Eq. (5-2), the oscillator phase noise can be reduced by maximizing the voltage swing Vmax and minimizing the coefficients cn. Maximizing the quality factor (Q value) of the LC-tank will reduce the generated thermal noise and thereby lower the 1/f 2-shaped phase noise. The DC value of the ISF, c0, can actually be minimized by symmetry considerations. The VCO circuit presented in Fig. 5-5 provides good symmetry properties and therefore good phase noise performance. The relative widths of the nMOS and pMOS transistors must be selected in an appropriate way in order to minimize c0 (the optimum width ratio may differ from the ratio that give equal transconductance). In this way, it is possible to reduce the 1/f 3 phase noise corner to a few tens of kHz for a device with a 1/f noise corner of a few hundred kHz. A 1/f 3 corner frequency of 15 kHz was for example reported in the works by De Muer et al.10 and Kao et al.12



3.3



Phase noise performance



The phase noise is usually measured in dB relative to the carrier power with the unit dBc/Hz. The phase noise is often quoted at an offset frequency from the oscillation frequency of the oscillator, for example 600 kHz. Typical VCO performance characteristics in terms of oscillation frequency, power and phase noise are summarized in Table 5-1 for some published works. A commonly used VCO performance figure-of-merit defined as12



FOM = L(Δ f ) − 20 log( f 0 / Δ f ) + 10 log( PD / 1 mW) [dBc/Hz] (5-3) weighs these performance criteria together and can be calculated from the data in Table 5-1. Another type of oscillator, called the ring oscillator, can be realized by connecting an odd number of inverters in series forming a ring. The ring oscillator is compact and easy to integrate. It is the most fabricated of all oscillators and is used in various communications electronic circuits as well
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as a test vehicle for the semiconductor process.13 However, its RF performance is poor due to high phase noise,7 as observed in Table 5-1. For a more detailed analysis of ring oscillators, please refer to the recent paper by Abidi.13 Table 5-1. Performance overview of state-of-the-art VCOs. Phase noise L Technology Frequency f0 (GHz) (dBc/Hz) LC VCO 2.06 GHz -116 @ 0.6 MHz 0.35μm CMOS12



Power dissipation PD (mW) 22.6



LC VCO 0.18μm CMOS14



12



-102 @ 0.6 MHz



7.7



LC VCO 0.65μm CMOS10



2



-125 @ 0.6 MHz



34



LC VCO 0.25μm CMOS15



1.8



-121 @ 0.6 MHz



6



3-stage Ring VCO 0.18μm CMOS16



9.5



-92 @ 1 MHz



61



2-stage Ring VCO 0.18μm CMOS17



3.6



-90 @ 1 MHz



17



4.



MIXER



A mixer contains two inputs, one for the information carrying signal and one for the local oscillator (LO) signal, and performs frequency translation by multiplying these signals. The signals generated at the mixer output have frequencies corresponding to the sum and difference of the signals at the input, respectively. When the mixer is used in a transmitter, the lowfrequency baseband signal is upconverted to RF frequencies by the mixer. A mixer employed in a receiver performs the opposite translation by downconverting the received RF signal to intermediate frequencies (IF) for further processing. A receiver architecture that converts the RF signal directly the baseband (“zero” IF) is called a homodyne or direct-conversion receiver (DCR). DCR systems have advantages such as a simple architecture, easy integration with the baseband circuit and the elimination of the problem with the “image” signal in comparison with the heterodyne architecture.18 Mixers are inherently noisy circuits since noise contributions from multiple frequency bands are transferred to the output.19 However, the requirement on the noise figure is relaxed for the stages following the LNA in a receiver system according to Friis formula (Eq. 2-4). Therefore, the noise figure of a mixer in a heterodyne system is not very critical (although
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Frequency translation



still important) for the overall noise performance if an LNA with high enough gain is used.



LO signal desired channel 0



f



1/f noise



0



f



Figure 5-6. Frequency translation of signals performed in a mixer used in a DCR system.



For a DCR receiver, on the other hand, the 1/f noise in the transistors of the mixer can severely degrade the signal-to-noise ratio.20,21 This can be understood because the signal is translated to very low frequencies where the 1/f noise of the devices contributes appreciable as illustrated in Fig. 5-6. The 1/f noise in the mixer is primarily generated in the switching transistors,21 see Fig. 5-7. The 1/f noise generated in transistor on the RF input port is of minor significance for the total noise performance since the 1/f noise is upconverted to high frequencies (fLO). The 1/f noise problem can be mitigated by employing long channel transistors in the mixer, which instead degrades the transconductance and the circuit speed. According to the model by Darabi and Abidi, sharper LO transitions (more square-like) as well as reduced DC bias current can decrease the noise.21 In a novel approach, where the current is injected dynamically, lower 1/f corner was achieved.22 The most common solution to the 1/f noise problem from a circuit point of view is to adopt a passive mixer, which involves no DC biasing current.20,23 Passive mixers still exhibit 1/f noise at the output,24 but the 1/f noise corner is reduced to a few tens of kHz. The drawback with passive mixers is that they provide no gain, which puts more stringent requirements on the noise performance of subsequent stages. Due to the lack of gain, passive mixers have been less preferred in RF design.
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Figure 5-7. Single-balanced (a) active and (b) passive mixer topologies.



5.



LOW-NOISE AMPLIFIER (LNA)



A low-noise amplifier is used in the first stage of a receiver system to amplify the weak signal received from the antenna. Designing the LNA with low internal noise is of enormous importance since the noise performance of the first circuit in a cascaded stage is most important (if the gain is >> 1). An RF amplifier is designed to work at frequencies in the GHz range, therefore only the thermal noise is important since the contribution from the device 1/f noise to the total noise power obviously is negligible. Upconversion of the 1/f noise to phase or amplitude modulated noise can take place due to nonlinear effects,25 but this is not a problem for CMOS LNAs. However, 1/f noise can be a problem for an amplifier working in a small bandwidth at low frequencies down to DC. The low-noise amplifiers typically used in LF noise measurement setups do show output 1/f noise. But in contrast to RF amplifiers, the speed of the devices employed in amplifiers working at low frequencies is not critical. The devices can therefore be designed to show minimum 1/f noise by making their size large. The noise figure of an RF amplifier depends on the gain and the thermal noise of the transistor(s) as well as on the impedance matching network. The minimum noise figure of the CMOS transistors is reduced as their cut-off frequency increases for smaller gate lengths.26,27 However, as scaling continues, increased gate leakage currents, greater impact of velocity saturation and increased importance of substrate resistance as well as higher 1/f noise due to miniaturization of device sizes will lead to higher noise.3
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SUMMARY This chapter has presented an introduction to noise in mixers, VCOs and LNAs. The 1/f noise in MOS transistors is a problem for several analog and RF circuits, especially for VCOs and for mixers used in direct-conversion receiver (DCR) systems. The 1/f noise can be upconverted to undesired phase noise in a VCO. In a downconversion mixer used in a DCR system, the signals are translated to low frequencies where the 1/f noise is a severe problem. Due to the influence of 1/f noise in these circuits, the performance of a transceiver system used in communications can be limited, which imposes additional circuit design considerations in analog/RF design.
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PROBLEMS 1. Calculate the 1/f 3-corner frequency for an oscillator with an impulse sensitivity function



ISF = 0.1 + cos(ω0 t ) . The drain current noise of the MOSFETs is given as



S I D = 1 × 10 −18 / f + 1 × 10 −23 A 2 /Hz .
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2. An LC oscillator operating at 5.2 GHz is employed in a receiver. The frequency spectrum is divided in channels with 200-kHz bandwidth in the communication system the receiver is designed for. The worst-case interfering signal is specified to be at 2 MHz offset and 40 dB stronger than the desired channel. How low must the oscillator phase noise in dBc/Hz be at the frequency offset in question in order to achieve a SNR (due to phase noise) of at least 15 dB? Hint: Study Fig. 5-2, which describes the same situation as in this problem.
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Appendix I LIST OF SYMBOLS



Table A-1. List of symbols. Symbol Unit Meaning Abulk BSIM parameter: bulk charge effect (see chapter 3.6) af SPICE noise parameter: current exponent (see chapter 3.6) AP Available power gain of amplifier Capacitance (per unit area) C F (F/cm2) Cbox F/cm2 Capacitance per unit area of buried oxide (SOI) Cd F/cm2 Depletion layer capacitance per unit area F/cm2 Depletion layer capacitance per unit area when the depletion layer Cdm has its maximum width Wdm Cfb F/cm2 Flat-band capacitance per unit area 2 F/cm Capacitance per unit area of front gate oxide (SOI) Cfox CG F Gate capacitance CGS F Gate-to-source capacitance F/cm2 Interface trap capacitance per unit area Cit Cox F/cm2 Gate oxide capacitance per unit area CSi F/cm2 Capacitance per unit area of Si body (SOI) d m Lattice constant -2 -1 Dit cm eV Density of interface states (traps) E J, eV Energy E V/cm Electric field EC eV Conduction band edge energy Eeff V/cm Effective electric field (effective vertical field in inversion layer) ef BSIM and SPICE noise parameter: frequency exponent (see 3.6) EF eV Fermi energy level
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Symbol EF,n EF,p Eg Ei ET EV F f f(E)



Unit eV eV eV eV eV eV Hz -



f(X) FF fT f0 g g(τ) gch gch,0 gm h I i ID ID,sat IG in



Hz Hz -



in2 IS I0 J k k KF L L(Δf ) Leff m M m* N



S = A/V S S Js A A A A A A A2 A A A/cm2 J/K cm dBc/Hz m kg -



Meaning Quasi-Fermi energy level for electrons Quasi-Fermi energy level for holes Band gap energy Intrinsic Fermi energy level Trap energy level Valence band edge energy Noise factor Frequency Fermi-Dirac distribution function, gives the probability that an electronic state at energy E is occupied Probability density function of random variable X Fano factor Transition (cut-off) frequency Oscillation frequency of VCO Degeneracy factor Trap distribution function (chapter 1.3.5) Channel conductance Channel conductance at zero drain-source voltage Transconductance Planck’s constant (= 6.63×10-34 Js) Current Small-signal current Drain current Drain current in saturation Gate leakage current Noise current Mean square of noise current Source current Diode saturation current Current density Boltzmann’s constant (= 1.38×10-23 J/K) Dielectric constant (relative permittivity) SPICE noise parameter (see chapter 3.6) Gate length (length) Phase noise at offset Δf from carrier BSIM parameter: effective gate length (see chapter 3.6) MOSFET body-effect coefficient Avalanche multiplication factor Electron (hole) effective mass Number of carriers



Appendix I Symbol N* n Na Nbody Nd NF ni Nl NOIA NOIB NOIC Nox NOX ns Ns Nsub Nt NT N0 p P P Pn q Qd Qi Qm qmax Qox R R(s) rch RD Rin RL Rn rn RS RSD rπ S



Unit m-2 cm-3 cm-3 cm-3 cm-3 dB cm-3 m-2 m-3eV-1 m-1eV-1 m⋅eV-1 cm-2 cm-3 cm-2 cm-3 cm-3eV-1 m-2 cm-3 W W C C/cm2 C/cm2 C/cm2 C C/cm2 Ω Ω Ω Ω Ω Ω Ω Ω Ω Ω



191 Meaning BSIM noise parameter (see chapter 3.6) Electron concentration (per unit volume) Acceptor doping concentration Doping concentration in Si body of SOI substrate Donor doping concentration Noise figure Intrinsic carrier concentration (= 1.5×1010 cm-3 for Si at 300K) BSIM parameter: charge density at drain side (see chapter 3.6) BSIM noise parameter (see chapter 3.6) BSIM noise parameter (see chapter 3.6) BSIM noise parameter (see chapter 3.6) Oxide charge density (= Qox/q) Number of oxide charges Surface carrier concentration Channel carrier density (= Qi/q) Doping concentration in the substrate Oxide trap density (per unit volume) Number of oxide traps BSIM parameter: charge density at source side (see chapter 3.6) Hole concentration (per unit volume) Power Probability (chapter 1.2.2) Available noise power Electronic charge (= 1.602×10-19 C) Depletion charge per unit area Inversion charge per unit area Charge on gate per unit area Maximum charge displacement of tank capacitor in VCO Oxide charge per unit area Resistance Autocorrelation function (chapter 1.2.2) Channel resistance Drain series resistance Input resistance Load resistance Noise resistance (Eq. 1-12) Equivalent noise resistance (Eq. 2-7) Source series resistance Source-drain series resistance (RS + RD) Dynamic resistance for pn-junction Power spectral density
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Symbol SI S ID



Unit A2/Hz A2/Hz



Meaning Power spectral density of current fluctuations Power spectral density of drain current noise



S I D ,ch



A2/Hz



Power spectral density of drain current noise in the channel



2



S I D, th



A /Hz



Power spectral density of drain current thermal noise



S I D ,1 / f



A2/Hz



Power spectral density of drain current 1/f noise



S IG



A2/Hz



Power spectral density of gate current noise



S IR



D



SIR



S



S IR



SD



2



Power spectral density of current noise generated in RD



2



Power spectral density of current noise generated in RS



2



Power spectral density of current noise generated in RSD



2



A /Hz A /Hz A /Hz



Slim SN SQox



A /Hz 1/Hz C2/cm4Hz



BSIM noise parameter (see chapter 3.6) Power spectral density of carrier number fluctuations Power spectral density of oxide charge density fluctuations



SR SV SV fb



Ω2/Hz V2/Hz V2/Hz



Power spectral density of resistance fluctuations Power spectral density of voltage fluctuations Power spectral density of flat-band voltage noise



SVG



V2/Hz



Power spectral density of equivalent input gate voltage noise



Swi SS T T t tbox tEOT Tn tox tSi T0 V V v VB VBS vd Vd VDD VDS VDS,sat Vfb VG



2



A /Hz V/decade K s s cm cm K cm cm K cm3 V V V V cm/s V V V V V V



BSIM noise parameter (see chapter 3.6) Subthreshold slope Absolute temperature Time (constant) Time Thickness of buried oxide (SOI) Equivalent oxide thickness Noise temperature (Eq. 1-11) Gate oxide thickness Thickness of Si body in SOI substrate Standard noise temperature (= 290 K) Volume Voltage Small-signal voltage Substrate voltage (Bulk terminal voltage) Substrate-to-source voltage Carrier drift velocity Applied voltage across pn-junction Power supply voltage Drain-to-source voltage MOSFET drain-to-source saturation voltage Flat-band voltage Gate voltage
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Unit V V cm/s V V V2



Meaning Gate-to-source voltage Gate voltage overdrive (= ⎪VGS – VT⎪) Individual carrier drift velocity Maximum voltage swing over tank capacitor in VCO Noise voltage Mean square of noise voltage



αC αH αH,a



V V cm/s cm cm cm m S cm Ω cm Vs/C Vs/C -



αH,ph αH,sr



-



δ Δf ΔLclm Δx or δx εox εSi ΦB φms



m Hz m



γ γ η ηv



-



κD



-



RMS noise voltage Threshold voltage Thermal velocity of electrons Gate width Depletion layer width Maximum depletion layer width BSIM parameter: effective gate width (see chapter 3.6) Source admittance Distance in a direction vertical to the channel Source impedance Trap distance from gate oxide/channel interface Scattering parameter of the correlated mobility fluctuations Coulomb scattering parameter Hooge parameter Hooge parameter of 1/f noise generated in scattering processes other than surface roughness scattering. Hooge parameter of 1/f noise generated in the phonon scattering Hooge parameter of 1/f noise generated in the surface roughness scattering Skin depth (Eq. 2-1) Frequency separation from the oscillating frequency of a VCO BSIM parameter: channel length reduction (see chapter 3.6) Fluctuation in x Permittivity of SiO2 (= 3.45×10-13 F/cm) Silicon Permittivity (= 1.04×10-12 F/cm) Energy barrier height Work-function difference between the gate material and the substrate material Frequency exponent MOSFET thermal noise coefficient Electric field parameter (in Eq. 3-66) MOSFET parameter describing the relative degree of drain saturation (in Eqs. 3-21 and 3-22) Gate leakage current partitioning coefficient at drain side



vn2 vn,rms VT vth W Wd Wdm Weff YS z ZS zt α



F/cm F/cm J, eV V
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Symbol κS λ λe μ μa



Unit cm m cm2/Vs cm2/Vs



μac μb μC μC,imp μC,ox μC0 μeff μi μph



cm2/Vs cm2/Vs cm2/Vs cm2/Vs cm2/Vs cm/Vs cm2/Vs cm2/Vs cm2/Vs



μr μsr μ0 μ0 θ θ ρ1,2 σ σ σe σh σ Nt τ τ τc τe τh τl τph-ph τth τ0 ω0 ψB ψs



cm2 cm2 cm0.5eV0.5



Meaning Gate leakage current partitioning coefficient at source side Tunneling attenuation length Phonon mean free path Carrier mobility Carrier mobility limited by other mechanisms than surface roughness scattering Mobility limited by scattering with surface acoustic phonons Mobility limited by scattering with bulk phonons Mobility limited by Coulomb scattering Mobility limited by Coulomb scattering from impurities Mobility limited by Coulomb scattering from oxide charges Screened Coulomb scattering parameter Effective mobility in MOSFET inversion layer Individual carrier mobility Mobility limited by scattering with phonons, both bulk phonons and surface acoustic phonons. Relative permeability (in Eq. 2-1) Mobility limited by surface roughness scattering Low-field mobility (Eq. 3-78) Permeability of free space (= 4π×10-7 H/m), used in Eq. (2-1) Phase Mobility attenuation coefficient (in Eq. 3-78) Correlation coefficient Conductivity Standard deviation (in Eq. 1-5) Capture cross section for electrons Capture cross section for holes Relative standard deviation of the trap density



s s s s s s s s s rad/s V V



CMOS inverter delay Time constant of g-r noise Capture time for electrons (holes) Emission time for electrons (holes) Time in high level of two-state RTS Time in low level of two-state RTS Relaxation time for phonon-phonon scattering Time constant of thermally activated traps Tunneling time constant (usually taken as 10-10 s) Angular frequency of oscillation Difference between Fermi level and intrinsic level potentials Surface potential



cm2/Vs cm2/Vs H/m rad V-1 Ω−1cm-1



Appendix I 1 eV = 1.602×10-19 J 1 Å = 10-10 m log means logarithm function in base 10 ln means natural logarithm (base e)
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Appendix II LIST OF ACRONYMS



Table A-2. List of Acronyms. Acronym Meaning ALD Atomic layer deposition B Bulk BSIM Berkeley short channel IGFET model CMOS Complementary metal-oxide-semiconductor CVD Chemical vapour deposition D Drain DC Direct current DCR Direct conversion receiver DIBL Drain-induced barrier lowering DT Dynamic threshold DUT Device-under-test EOT Equivalent oxide thickness FD Fully depleted FFT Fast Fourier Transform FOM Figure-of-merit FUSI Fully silicided G Gate g-r Generation-recombination HF-clean Clean in Hydrofluoric acid ISF Impulse sensitivity function ITRS International technology roadmap of semiconductors I-V Current-voltage JFET Junction field-effect transistor
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198 Acronym LC LNA MBE MOCVD MOSFET nMOSFET PD pMOSFET PSD PVD RF RTS S SCE SNR SOI TCAD TEM VCO WKB



Appendix II Meaning Inductance-capacitance Low-noise amplifier Molecular beam epitaxy Metal-organic chemical vapour deposition Metal-oxide-semiconductor field-effect transistor n-channel MOS transistor Partially depleted p-channel MOS transistor Power spectral density Physical vapour deposition Radio frequency Random-telegraph-signal Source Short channel effect Signal-to-noise ratio Silicon-on-insulator Technology computer aided design Transmission electron microscopy Voltage controlled oscillator Wentzel-Kramers-Brillouin



Appendix III SOLUTIONS TO PROBLEMS



Solution problem 1-1. We calculate the mean square noise voltage for the different alternatives. A: Only thermal noise



vn2 = 4kTRΔf = 4 × 1.38 × 10 −23 × 300 × 5000 × 10 6 V2 = 8.28×10-11 V2. B: Tn = 500 K



vn2 = 4kTn RΔf = 1.38×10-10 V2. C: vn,rms = 15 μV



vn2 = vn2,rms =2.25×10-10 V2. D: Power spectral density SV = 2×10-16 V2/Hz



vn2 = SV × Δ f = 2 × 10 −16 × 10 6 V2 = 2×10-10 V2. E: Rn = 10 kΩ



vn2 = 4kTRn Δf = 1.656×10-10 V2. 199
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Answer: A, B, E, D, C. Solution problem 1-2 The thermal noise from the resistor is



S I ,th = 4kT / R = 4 × 1.38 × 10 −23 × 300 / 200 A2/Hz = 8.28×10-23 A2/Hz. The thermal noise and the 1/f noise are uncorrelated. Thus



S I ,tot ( f ) = 8.28 × 10 −23 + 2.5 × 10 −19 / f A2/Hz. The noise power is given by integrating the PSD over the bandwidth 10 4



i = 2 n



∫S



I ,tot



df =8.28 × 10



− 23



× (10 − 1) + 2.5 × 10 4



−19



1



⎛ 10 4 ⎞ 2 ⎟⎟ A = × ln⎜⎜ ⎝ 1 ⎠



8.3×10-19 + 2.3×10-18 A2 = 3.1×10-18 A2 ⇒ in ,rms = in2 = 1.8 nA. Solution problem 1-3 The noise equivalent circuit is shown in Fig. A-1.



RS 4kTRS



rπ



*



*



2qI



in



Figure A-1. Noise equivalent circuit in example 1-3. rπ = kT/qI.



The two noise sources are uncorrelated. We use the superposition principle to calculate the noise current from each source.



Appendix III
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From the thermal noise source using Ohm’s law:



S I n ,1 =



4kTRS . (RS + rπ )2



From the shot noise source using the current-division principle



S I n , 2 = 2qI



rπ2 . (RS + rπ )2



Answer: The total PSD is according to the superposition principle



S I n = S I n ,1 + S I n , 2 . Solution problem 1-4 The measured noise consists of superimposed 1/f noise and white noise (thermal noise). From the graph:



SV = 2 × 10 −13 / f + 5 × 10 −16 V2/Hz. The resistance can be calculated from the thermal noise level



R=



5 × 10 −16 Ω = 30 kΩ. 4kT



The Hooge noise model (see Eq. 1-37)



S R SV α H = = R2 V 2 fN



( V = RI ⇒ SV = S R I 2 ⇒ SV / V 2 = S R / R 2 ).



We need to determine the number of (free) electrons N N = electron concentration × sample volume ⇒



N = 1017 cm -3 × 10 −3 cm × 10 −2 cm × 10 −4 cm = 108.
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Answer: α H =



fNSV 108 × 2 × 10 −13 = V2 30 × 103 × 16.6 × 10 −6



(



)



2



= 8×10-5.



Solution problem 2-1 The noise equivalent circuit is shown in Fig. A-2.



4kT/RV



*



SV,n



*



RV SI,1/f + 4kT/R



*



R



SI,n



*



A



Figure A-2. Noise equivalent circuit in example 2-1.



Answer: The voltage noise at the output can be written according to the superposition principle:



⎛ 4kT / RV ⋅ RV2 R 2 ( S I ,1/ f + 4kT / R) ⋅ RV2 R 2 + SV ,out = ⎜ ⎜ (R + R )2 ( R + RV ) 2 V ⎝ S ⋅ R2 R2 ⎞ + SV ,n + I ,n V 2 ⎟⎟ ⋅ A2 ( R + RV ) ⎠ ⎛ 4kTRV R S I ,1/ f RV2 R 2 S I ,n ⋅ RV2 R 2 ⎞ 2 ⎟⋅ A . =⎜ + + + S V ,n 2 ⎟ ⎜ (R + R ) (R + R )2 + ( R R ) V V V ⎝ ⎠ Solution problem 2-2 Using Eqs. (2-8) to (2-10), p = 2 for number fluctuation noise and



out
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gch(RSD + RL) S I ,1/ f ⇒ I D2 τ α H I D2 2πτ > N2 2 N 1 . N< 4πα H



Appendix III
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Solution problem 2-4 RTS noise can be observed if (i) the number of traps is small and (ii) the RTS noise is higher than the 1/f noise. We make the assumption that RTS can be observed if there are less than 5 active traps. Thus, using Eq. (2-12)



4kTWLN t z < 5 ⇒ WL 
 S I D ,ch and rch > RD . D Fig. 2-10 shows a simulation of the situation described above. (e) Two alternatives: the noise stems (i) from number fluctuation noise in the channel when biased in the subthreshold region (see Eq. 3-40) or (ii) from noise in the drain series resistance when



S I R > S I D ,ch and RD > rch . D



Solution problem 4-1 First calculate the oxide capacitance Cox and the transconductance gm.



Cox = 3.9 ⋅ 8.854 ⋅ 10 −14 /(2.2 ⋅ 10 −7 ) F/cm 2 = 1.57 ⋅ 10 −6 F/cm2. Use Eq. (3-8) to find gm
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gm =



[(VGS



ID = 1.30 mS if we assume m = 1 . − VT ) − mVDS / 2]



(a) Answer: Eq. (3-80) ⇒ αH = 7.9×10-5. The trap density is found from Eq. (3-79). The correlated mobility fluctuations can be neglected since the gate voltage overdrive is small (0.1 V). Thus,



10 ⋅ 10 ⋅ 10 −4 ⋅ 0.075 ⋅ 10 −4 ⋅ (1.57 ⋅ 10 −6 ) 2 Nt = ⋅ 1.4 ⋅ 10 −17 2 −19 − 23 −8 1.602 ⋅ 10 ⋅ 1.38 ⋅ 10 ⋅ 300 ⋅ 10 ⋅ (0.0013) cm-3eV-1. Here, λ = 10-8 cm was used (see Table 4-4). Answer: Nt = 2.3×1017 cm-3eV-1. (note that in order to get the unit eV, multiplication with 1.602×10-19 is performed). (b) Calculate the input gate voltage noise and normalize with gate area



WLSVG = WLS I D / g m2 = 6.2 μV2μm2/Hz (at f = 10 Hz). According to Table 4-1, the ITRS requires a noise level below 19 μV2μm2/Hz at f = 10 Hz for a device with L = 75 nm and tEOT = 2.2 nm (note that the value is given at 1 Hz in the table). Answer: The ITRS requirements are fulfilled. Solution to problem 4-2 The input gate voltage noise is calculated in comparison with the reference device for all four technologies. Answer:



Appendix III i) SVG = SVG ,ref
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N t / N t ,ref ⋅ (t EOT / t EOT ,ref ) 2 L / Lref



ii) Mobility fluctuation noise: SVG = SVG , ref ⋅



= SVG ,ref ⋅



6 ⋅ (1 / 2) 2 = 3SVG ,ref . (1 / 2)



2 ⋅ (3 / 4) = 2 SVG ,ref . (3 / 4)



iii) A front-back gate coupling factor (1+Nt,b/Nt,f) must be considered in the FD SOI device (see Eq. 4-16).



SVG = SVG ,ref ⋅



1 (1 + 3) = 6SVG ,ref . (2 / 3)



iv) SVG = SVG ,ref ⋅ 2 2 = 4 SVG ,ref . Solution to problem 5-1 Identifying Fourier coefficients: (see Eq. 5-1) c0 = 0.2, c1 = 1. The 1/f 3-corner frequency is the frequency Δf where the first term and the second term in Eq. (5-2) are equal. Thus



0.2 2 ⋅1⋅10 −18 / Δ f = 1⋅10 −23 (0.2 2 + 12 ) ⇒ Δ f = 3.8 kHz . Answer: The 1/f 3-corner frequency is equal to 3.8 kHz. Solution to problem 5-2 Denote the noise power (in dBm) due to phase noise with PN, the power of the interfering signal PI and the power of the signal in the desired channel PC. Thus, in order to achieve a SNR of 15 dB SNR = PC − PN = PI − 40 dB − PN = 15 dB.



(A5-1)



The phase noise with respect to the power of the interfering signal is denoted by L (dBc/Hz). The noise power is integrated over the channel bandwidth of 200 kHz
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Appendix III PN = L + 10log(200⋅103) + PI .



(A5-2)



Inserted in Eq. (A5-1), this yields 15 = −40 − L − 10log(200⋅103) ⇒ L = −40 − 53 − 15 = −108 dBc/Hz. Answer: The phase noise at 2 MHz offset must be lower than −108 dBc/Hz.
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