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Progress reported here in quantum 1/f theory includes a first definition of coherent gravidynamic quantum 1/f noise, that could affect large-scale currents of matter.  Progress in applications includes 1) fundamental 1/f noise in HFET, 2) RTDs, 3) electromagnetic Helmholtz resonators, 4) the phase noise of oscillators in general, 5) chemical and bacteriological quartz crystal microbalance sensors or SAW sensors and 6) magnetically excited MEMS resonators.
1. Introduction


Fundamental 1/f noise was identified by the author epistemologically as the result of nonlinearity in systems satisfying a certain mathematical homogeneity condition. The latter is, for instance, invariance of the nonlinear integro-differential system of equations upon replacing x with x, y with y, .. etc, while t becomes t, at least in the low-frequency limit.  If no real number  with this property exists, there is no homogeneity, and the nonlinear system will not exhibit fundamental 1/f noise.  A special case satisfying this sufficient criterion is quantum electrodynamics, i.e., any system of charge carriers interacting with their own field.  This case was introduced by the author as quantum 1/f noise.  

Ontologically, when we construct the world including space and time from the basic constituents of matter, this is the most fundamental one. It shapes our existence in time and space, comprising the coherent and conventional quantum 1/f effects for all types of fundamental forces or interactions that shape an environment, i.e., contain infrared-divergent coupling.  Here we define for the first time the gravidynamic coherent quantum 1/f effect (Q1/fE) in Sec. 2 below.  Its conventional counterpart was defined earlier.

As expected for any fundamental theory, the quantum 1/f theory answers any physically meaningful question that can possibly be asked on the phenomenon it describes.  This includes derivation of the characteristic functional of the noise process both in thermal equilibrium and in non-equilibrium, from which all characteristic functions, momenta, correlation functions or spectra of any orders and involving any number of particles or spatial and temporal arguments, can be extracted immediately.  It also includes derivation of simple fundamental engineering formulas applicable to all high-technology materials, devices and systems, and allowing their subsequent optimization.  Low-technology systems are defined as those still dominated by non-fundamental noise and instabilities.  MOSFETs are an example, but there are efforts to bring them closer to the quantum limit, by replacing the oxide layer with better gate insulation and passivation.


The quantum 1/f theory has been applied already successfully to many devices, as displayed in the General Quantum 1/f Bibliography kept and updated by the author.  A. van der Ziel and collaborators contributed mainly experimentally, C.M. Van Vliet, G. Bosman, the present author and many other authors contributed both experimentally and theoretically to these successes. Here we present for the first time the author’s new results on fundamental 1/f noise in HFETs (Sec. 3), RTDs (Sec. 4), electromagnetic Helmholtz resonators (Sec. 5), oscillators in general (Sec. 6), chemical and bacteriological quartz crystal microbalance sensors or SAW sensors (Sec. 7), magnetically excited MEMS (Sec. 8).

2. Definition of the Coherent Gravidynamic Quantum 1/f Effect


While the conventional quantum 1/f effect was derived already in 1975 in the early days of the quantum 1/f theory, the coherent Q1/fE is defined here for the first time and will be calculated in detail later.


While the coherent electrodynamic Q1/fE arises from the uncertainty of the electromagnetic field energy LI2/2 of a beam (or current) of charged particles, the gravidynamic Q1/fE comes from the uncertainty of the gravitational field energy of a neutral matter current.  It is present also in charged currents, but is usually covered by the larger electrodynamic effect in that case.  L is the selfinductance per unit length, and I the electric current.


The metric g=his assumed to differ from the Minkowsky metric = only by the deviation hthat vanishes at great distances from the finite material system considered.  Instead of LI2/2, we have now the 00 component of the field’s energy-momentum tensor

t=[hR(1)-hR(1)+2R(2)-R(2)]/16G +O(h3),



2.1
where G=6.670 10-8 CGS units is the constant of universal gravitation, R(1) is the part of the Ricci tensor linear in h, while R(1) is the second-order part of the Ricci tensor.  The calculation proceeds similar to the author’s 1983 first derivation of the coherent electrodynamic Q1/f effect, and includes contributions from all gravitonic states of the universe.  The result includes G instead of the e2 present in the fine structure constant .   = (1/4o)e2/c EQ \O(h,´) = 1/137 is Sommerfeld's fine structure constant, a dimensionless universal constant constructed from Planck's constant, the charge e of the electron, and the speed of light c.  The final result will be published elsewhere, and coexists with the conventional gravidynamic Q1/fE..

3. Fundamental 1/f noise in HFETs


To find the noise and compare with the experiment [1], the number of charge carriers is first taken as the net induced charge, divided by the charge of the electron.  The element of resistance dR along the current can be written


dR = dy/qN’ =  EQ \F(dy,ZmnC[VGS-VT-V(y)])   ,






(3.1)
where n is the electron mobility, N’ the number of carriers per unit length of the channel, C the gate capacity per unit area, VGS =VG-VS the gate to source voltage, VT the threshold value of VGS, and V(y) the potential the channel at a distance y from the source, or Y-v from the drain.  Note that the rectangular bracket in the denominator is a first approximation only, based on the simple capacitor model.  In general, as we shall see below, Fermi statistics is applicable, essentially replacing the bracket [ ] by kBT{exp([ ]/kBT) -1}, where kB is Boltzmann’s constant.  The quantum 1/f noise in the element of resistance is given by the basic quantum 1/f formula for mobility fluctuations [2]


 EQ \F(<(ddR)2>f,(dR)2)   =  EQ \F(ao,fdN)   with  o( (2/)[(1/1+s)(2(v/c)2/3 + (s/1+s)];  s(2N’e2/mec2; (e2/c EQ \O(h,´) 
(3.2)
Here  is the fine structure constant 1/137, dN is the number of carriers in the element of resistance


dN = ZQndy/q









(3.3)

and Qn=-C(VGS-VT) is the charge per unit area under the gate, while q=-e is the charge of the electron and me the electron mass.  Using Eq. (1) for dR, and Eq. (3) for dN, we obtain


f<(dR)2>f = [dy/qN’]2 EQ \F(ao,fdN)   = -  EQ \F(qaody,mn2Z3C3[VGS-VT-V(y)]3)   .




(3.4)
Multiplying on both sides with the channel current


I = -dV/dR = -ZnC[VGS-VT-V(y)]dV/dy






(3.5)
and integration, yields


fI<(R)2>f = EQ \I(0,VDS,\F(qaodV,mnZ2C2[VGS-VT-V]2))   =  EQ \F(qao,mnZ2C2) \F(VDS,VG*(VG*-VDS))  .



(3.6)
Here VG*=VGS-VT.  This simple summation of spectra is justified, because both theory and experiment have shown that the fluctuations of the various elements dR are uncorrelated, down to the smallest experimentally accessible lengths, and down to the electronic correlation length.  Dividing both sides with IR2 and replacing VDS/I by R on the r.h.s., we obtain with Fermi statistics as mentioned above


[image: image1.emf].  (3.7)
Here we used the conventional quantum 1/f noise formula for the sub-threshold part of the channel.  For a GaN/AlxGa1-xN doped n-channel HFET this yields the spectral density of VDS in terms of device width Z, current ICh, and thermal voltage kT/q by renewed multiplication with ICh.

Here we used the conventional quantum 1/f noise formula for the sub-threshold part of the channel.  For a GaN/AlxGa1-xN doped n-channel HFET this yields the spectral density of VDS in terms of device width Z, current ICh, and thermal voltage kT/q by renewed multiplication with ICh.

Using the fact that the velocity of the carriers shows strong saturation in that section, to include impact ionization effect, we split up the integral at V(y) = VG*-Vth and write the corresponding second part of the integral in Eq. (3.7) separately, with the number of carriers per unit channel length defined as N’ = Ich/qvs, where vs is the saturation velocity.  We also replace the ratio v(E)/E by 3.5 0, where o is the low-field mobility.  This allows us to find a theoretical expression for the experimental 1/f noise constant defined by 

exp  [SV/V2] L2/Re =



(3.8)


R is the channel resistance and VG*=VGS-VT.  The experimental values of  measured by Balandin et al. [1], are 4.9, 4.2, 11, 16 and 17, in units of 10-5 corresponding to VG* values of 2, 3, 3.45, 4.25 and 5 volts respectively.  Eq. (3.8) yields about 3.6, 4.5, 7.5, 11 and 16 in the same units.  The agreement between theory and experiment is remarkable (Fig. 1), considering the absence of free parameters in this first principles quantum 1/f calculation.
4. Fundamental 1/f Phase Noise in Resonant Tunneling Diodes

RTDs have been long used as negative differential resistance devices useful for amplifier design.  They have also been proposed as generators of THz oscillations and radiation.  RTDs consist of two potential barri​ers enclosing a quantum well.  Electrons penetrating the po​tential barriers by tunneling are controlled by the quasistationary energy levels defined by the penetrating the potential barriers by tunneling are controlled by the quasistationary energy levels defined by the potential well.  If their energy is close to the first energy level in the well, resonance occurs, and a peak IP of the current through the diode occurs.  This corre​sponds to an applied bias voltage VP.  If, however, the applied voltage increases further, only a negligibly small non-resonant current trickle remains at the voltage V=VV and a broad valley is observed in the I/V character​istic.  Scattering processes that reduce the energy of the carriers to a value close to eVP will always be present, generating a finite current minimum IV at VV.  Between VP and VV there is a negative differential conductance


G=-(IP-IV)/(VV-VP) 








(4.1)

on the I/V curve, that is used to generate oscillations.  The 1/f noise in IV is given by Eq. (3.2) with s=0 and


(v/c)2=2eVV/m.









(4.2)

Taking for instance VP=0.4 V, IP=2.5 108A/m2, VV=0.6 V, IV=4 107 A/m2, we obtain with meff=0.068 mo,

NIV-2SIv(f) =2A/f =7.4/0.068 10-9 =1.3 10-7 






(4.3)

N is given by 


N =IV/e,










(4.5)

where  is the life time of the carriers.  With a cross-sectional area of 10-6 cm2 and =10-10, we obtain N= 2.5 106.

Finally, the quantum 1/f frequency fluctua​tions can be obtained from the formula [2]

S =(1/4Q4)SG/G   








(4.6)
This finally yields with Eq. (2), both for Sand for the spectral density S of phase fluctuations

S =(1/4Q4)(4/3)(2eVV/mc2)  (f/2)2S, 





(4.7)
for the fractional frequency fluctuation spectrum shown by the RTD if included in a RF circuit of quality factor Q.

5. Coherent Quantum 1/f Effect In Cavity Resonators

Electromagnetic Helmholtz Resonators are oscillant systems that always include dissipative elements.  If they are oscillating in a well defined mode, they are described by a simple harmonic oscillator equation with dissipative coefficient  and resonance frequency r=2r
r2 = o2 + 2. 









(5.1)

Differentiating this expression, and dividing by 2r2, we get the spectral density of fractional fluctuations

S= (1/4Q4)S. 








(5.2)

The physical quantum-mechanical cross sections and process rates defining  must exhibit fundamental quantum 1/f noise [2] given by 

S(f) =S(f)=S(f)=/f, 
with   
=2/N. 




(5.3)

Here  is the fine structure constant.  This is the coherent quantum 1/f effect [2] that is applicable, because the number of carriers in any “salami slice” is not smaller than 1.  That slice is defined to be perpendicular to the direction of the current density vector in the wall of the resonator.  Its thickness equals twice the classical radius of the electron e2/mc2.= 2.8.10-13 cm.

The spectral density of fractional fluctuations is thus the same for the conductivity  and electron mobility  in the resonator walls of area A enclosing the volume V.  The coherent quantum 1/f formula was used for the quantum 1/f coefficient .  Using N≈ noA, for the effective number of carriers that is defining the notion of current, of and with no=N/V, and a well-known expression 

Q=kV/A = /2










k≈1 is geometrical factor) of the quality factor Q in terms of the penetration depth , we get the spectral density of fractional fluctuations 

S=fkQ3Vno. 








(5.5)

For instance, with =100GHz, Q=104, V=0.03 cm3, and no=5.1022 cm-3 we obtain S≈10-36/f.
This is a rather small quantum limit that may be hard to observe due to other fluctuations present, unless f is small.

6. Generalization of the Leeson Formula


The phase noise L(fm) of oscillators is described by the empirical Leeson formula, with a second term introduced by Handel [2] on the Q1/f basis:


[image: image2.emf]
 (L-H Formula)
(6.1)

Here Ql is the loaded quality factor, f0 is the resonance frequency,  is the dissipation rate that causes the free oscillations to attenuate, and Sis the spectral density of fractional fluctuations in the dissipation rate .  Ps is the amplifier’s input signal power, and F is its noise figure.  The bracket [ ] in Eq. (6.1) is S/2.
7. Quantum 1/f Effect in Piezoelectric Chemical and Biological Sensors

Piezoelectric sensors used for the detection of chemical agents and for electronic nose instruments are based on BAW and SAW resonators.  They are also useful in the detection of biological agents, and can be specific, particularly if the sensitive surface is activated with the right antigen.  

The BAW resonators are used for instance in the "quartz crystal microbalance" (QCM).  This is usually a polymer-coated resonating quartz disk, a few mm in diameter, with smaller diameter metal electrodes on each side and with quality factor Q.  The resonance frequency is usually in the 10-30 MHz range.  Absorption of gas molecules with mass m on the surface of the polymer coating gets detected by a reduction y=m/mof the resonance frequency of the quartz disk, subject to frequency fluctuations.  The quantum 1/f limit of detection is given by

2Sm/m(f)=Sy(f), 
with 
Sy(f) = 'V/fQ4, for V≤
and
S(f) = '2/fVQ4, for V≥    (7.1)

where  is the phonon coherence volume, first introduced by T. Parker et. al. as a noise coherence volume.  To optimize the device we must avoid closeness of V with  which corresponds to the maximum error and minimal sensitivity situation. Differential measurements that include a reference resonator without polymer coating can effectively eliminate temperature fluctuations, power supply instability, etc.  Adsorbed masses below the pg=10-12g range can be detected.  With <>=108/s being the average circular frequency of a thermal phonon interacting with phonons in the main resonator mode, with n=kT/ EQ \O(h,´) <> being the average number of phonons in that typical thermal phonon mode, and with T=300K,  we obtain approximately the quantum 1/f noise coefficient


' =(N/V) EQ \O(h,´) <>/12ng2mc2 = 1022(1/137)(10-27108)2/12kT10-27.9.1020 ≈1.

    (7.2)

For V<, his is in good agreement with the known data for quartz resonators of very high Q as experimental results obtained by Ferre-Pikal et al. [3], T. Parker et al. [4], J.R. Vig et al.[5], as well as other research groups indicate. Here m is the reduced mass of the elementary oscillating dipoles, N their number in the quartz resonator volume, and g a polarization constant of the order of the unity.  The formulas given above are derived from the equation 


S(f) = 4 EQ \O(P,\S\UP4(•)) )2/3fe2c2.







    (7.2)

of the conventional quantum 1/f effect applied to the energy dissipation  of a quartz crystal.  Here  EQ \O(P,\S\UP4(•)) /V is the change in the quartz polarization (or depolarization) rate caused by the elementary dissipative process of removing a phonon from the main resonator mode.

Similarly, SAW resonators are used at about ten times higher frequencies in SAW sensors that operate in the V> regime with ’=120.  The discussion is similar, but applied to the surface and to surface waves.

8. Quantum 1/f Effect in MEMS Resonators


The classical forms of noise present in the frequency of MEMS resonators have been recently investigated and described in detail [6].  The present paper extends this investigation to 1/f noise.  That is of fundamental nature in microelectromechanical systems (MEMS) resonators, and is given by the universal quantum 1/f effect [1].  When the environmental fluctuations are reduced, e.g., by temperature stabilization, elimination of molecular adsorption, etc., the fundamental limitation introduced by the quantum 1/f effect becomes visible as a flicker floor in the time-domain noise representation.  Being ultimately based on Heisenberg's uncertainty relations, this effect defines the quantum limit achievable at low frequencies, when the classical sources of noise have been sufficiently reduced.


The quantum 1/f effect manifests itself in MEMS resonators through conventional quantum 1/f noise.  This is a quantum fluctuation present in the quantum mechanical notion of "physical cross section"  and "physical process rate" , caused by the reaction of the electromagnetic field on the charged particle that emitted it, or in general, on the system that emitted it.  It is given by the spectral density of fractional fluctuations


S(f) =S(f) = (4/3f)(v/c)2,






(8.1)

where v is the velocity vector change of the current carriers of charge e, and =e/ EQ \O(h,´) c=1/137 is Sommerfeld's fine structure constant.  The rate  of interest for the calculation of 1/f resonance frequency fluctuations in Si MEMS is the rate of phonon removal from the main mechanical oscillation mode of the oscillating bar.  Our mechanism of quantum 1/f noise generation is based on bremsstrahlung from electric or magnetic dipoles, rather than from scattering of individual carriers.


The MEMS resonators are shaped as a bar of nanometric dimensions incased (fixed) at both ends, subject to bending strain.  They are driven by an AC current I flowing in a very thin straight wire attached along the bar, in the presence of a strong constant magnetic field B, perpendicular to it.  Alternatively, they could be driven electrostatically, or capacitively, by using the wire, or a metallic thin sheet deposited along that side of the bar, as one of the two "plates" of a capacitor.  An AC voltage would then be applied to the capacitor at the resonance frequency. 


The approach developed for the case of resonators based on quartz and other piezoelectric substances can not be applied to Si MEMS resonators, because silicon is not piezoelectric.  It could only be applied to piezoelectric MEMS resonators, using, e.g., quartz.  We therefore develop a new approach in this paper, applicable to the new, driven MEMS resonators. We consider the case of magnetic excitation. The electrostatic case is similar, but noisier.

8.1 Magnetic Excitation of a Resonant Silicon Bar.  The elementary act of dissipation is the absorption of one phonon from the main resonator mode.  This can happen either through three photon processes, dominant at higher temperatures, or through two processes, dominant at low temperatures, in the presence of crystal defects of various types.  In both cases this elementary act has a spontaneous "bremsstrahlung photon emission (probability) amplitude" associated with it, because it causes a sudden reduction  EQ \O(m,\S\UP4(•))  f the rate dm/dt   EQ \O(m,\S\UP4(•))  of change of the magnetic dipole moment of the system.  The system is defined here to include the current carrying circuit, the applied magnetic field B with the agency generating it, plus the oscillating bar, i.e., the MEMS.  The rate  EQ \O(m,\S\UP2(•))  of change of the magnetic dipole moment of the system is caused by bending oscillations of the bar with the current-carrying wire attached to its side, cutting the lines of force of B while it moves.


The conventional quantum 1/f noise in the rate of dissipation  is obtained in the CGS Gaussian system by simply replacing the current change ev with  EQ \O(m,\S\UP2(•)) 

S(f) = (4/3f)( EQ \O(m,\S\UP4(•)) /ec)2.







(8.2)

To calculate the change  EQ \O(m,\S\UP2(•)) , we note that ( EQ \O(m,\S\UP2(•)) )2 is proportional to the transversal vibration speed of the bar and to the total mechanical energy W=(n+1/2) EQ \O(h,´)  in the main oscillation mode of the resonator,


(n+1/2) EQ \O(h,´)  = ( EQ \O(m,\S\UP2(•)) )2/2. 








(8.3)

Here  is a coefficient of proportionality easy to calculate.  When a phonon is removed from the main MEMS resonator mode, the energy in Eq. (8.3) is reduced by the amount   EQ \O(h,´)  =  EQ \O(m,\S\UP2(•))  EQ \O(m,\S\UP2(•)) .

This yields  ( EQ \O(m,\S\UP2(•)) )2 = ( EQ \O(h,´) / EQ \O(m,\S\UP2(•)) )2 =  EQ \O(h,´) /(2n+1).

Eq. (8.2) becomes now


S(f) =(4/3f) EQ \O(h,´) /(2n+1)(ec)2 =4/3f(2n+1)c3 =2 EQ \O(h,´) /3fWc3.


(8.4)

This quantum 1/f noise, proportional to the resonance frequency and inversely proportional to the number of quanta in the main oscillation mode, decreases when the energy in the main resonator mode increases.  This is characteristic of quantum mechanical spontaneous emission noise in general. With =1010rad/sec, W=0.01erg, we get 10-27/f

To estimate the coefficient , we write the mechanical energy, including both the equally contributing kinetic and elastic components, in the form 


W = Meffv2/2,









(8.5)

where Meff is a mass close to the mass M of the bar.  Noting that the rate of change in the magnetic moment of the system, caused by the motion of the bar of length L with speed v, is


 EQ \O(m,\S\UP2(•))  = nSdI/dt +nIdS/dt = nSBLv/cL= nSBLvc/2∫ln(R/as)ds,




(8.6)

we find


= Meffv2/ EQ \O(m,\S\UP2(•)) 2 = Meff[cL/SBL]2.







(8.7)

Here we introduced the area S and the inductance L of the AC circuit, as well as the approximate expression of L in terms of an integral around the whole circuit. This involves the radius as of the cross section of the electric wire used for the AC circuit, as a function of the length parameter s along the wire. We neglected the term with IdS/dt, because S>>Lv.  We can approximate S/2∫ln(R/as)ds with R/<ln(R/as)>, where R=S/l is the circuit area S divided by its length l.  This way we obtain e.g., R'=S/2∫ln(R/as)ds = 300 cm as an order of magnitude, and c/R'=108Hz.  With these notations and approximations Eq. (8.7) becomes = Meff[c/R'BL]2.

With Meff=10-11g, L=10-3cm and B=104Gauss, we obtain =103cm-1.  Substituting into Eq. (8.4), we obtain


S(f) =(4/3f)(R'BL)2 EQ \O(h,´) /(2n+1)effe2c4 =4(R'BL)2/3f(2n+1)effc5 



=2(R'BL)2 EQ \O(h,´) /3fWeffc5.






(8.8)

For instance, with the above numerical example, with =1011s-1, and with W=10-8 erg, we obtain 10-22/f.
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Fig. 1: Dependence of  on gate voltage at VDS=5V
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