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Resonant sensors contain a main resonant mode, which can be described as a harmonic oscillator with losses 


d2x/dt2 + dx/dt + o2x = F(t).






(1). 

The quantum 1/f fluctuations are present in the loss coefficient .  They are given by an expression of the form 


S(f) = /f,  









(2) 

where  is a quantum 1/f coefficient characterizing the elementary loss process. The resonance frequency is given by 


r2 = o2 + 2.









(3).  

The quantum 1/f fluctuations in the resonance frequency are given by


rr = -2, or rr =-2(/r)2= -(1/2Q2)(),  



(4) 

where Q=r/2 is the quality factor.  Squaring, averaging and particularizing Eq. (4) for the unit frequency interval, we obtain the Q-4 law:  


Sy(f) = <(r/r)2>f  =(1/4Q4)<(/)2>f  =/4fQ4,




(5) 

where y =r/r.   is found for ZnO crystals in this paper.


According to the conventional quantum 1/f formula, S(f)=2A/f, where A=2(J/ec)2/3 is the quantum 1/f effect in any physical process rate .  Setting J=dP/dt= EQ \O(P,\S\UP5(•))  where P is the vector of the dipole moment of the ZnO crystal, we obtain for the fluctuations in the rate  of phonon removal from the main resonator oscillation mode (by scattering on a phonon from any other mode of average frequency <>) of the crystal, (or via a two-phonon-process at a crystal defect or impurity, involving a phonon of average frequency <'>) the spectral density 


S(f) = 4 EQ \O(P,\S\UP5(•)) )2/3e2c2,







(6) 

where ( EQ \O(P,\S\UP5(•)) )2 is the square of the dipole moment change rate, in the process causing the removal of a phonon from the main oscillator mode.  To calculate it, we write the energy W of the interacting resonator mode <> in the form 


W=n EQ \O(h,´) <>=2(Nm/2)(dx/dt)2=(Nm/e2)(edx/dt)2=(m/Ne2)2( EQ \O(P,\S\UP5(•)) )2;  


(7)

The factor two includes the potential energy contribution.  Here m is the reduced mass of the elementary oscillating dipoles, e their charge,  a polarization constant, and N their number in the ZnO crystal.   Applying a variation n=1 in the number of phonons, we get 


n/n=2| EQ \O(P,\S\UP5(•)) |/| EQ \O(P,\S\UP5(•)) |, or  EQ \O(P,\S\UP5(•)) = EQ \O(P,\S\UP5(•)) /2n. 






(8)  

Solving (7) for  EQ \O(P,\S\UP5(•))  and substituting, we get 


| EQ \O(P,\S\UP5(•)) |=(N EQ \O(h,´) <>/n)1/2(e/2).   







(9)

Substituting  EQ \O(P,\S\UP5(•))  into Eq. (6), we get 


-2S(f) = N EQ \O(h,´) <>/3nmc2f2  /f.   





(10)

This result is applicable to the fluctuations in the loss rate  of the ZnO crystals.  For other resonators see Proc. IEEE. 93, 1784 (2005). Thus, the resonance frequency fluctuations of the ZnO resonator are given by 


S(f) =(1/4Q4)(/f) =N EQ \O(h,´) <>/12nmc2f2Q4,  




(11)

where Q is the quality factor of the single-mode ZnO resonator considered, and <> is not the circular frequency of the main resonator mode, o, but rather the practically constant frequency of the average interacting phonon, considering both three-phonon and two-phonon processes.  The corresponding  EQ \O(P,\S\UP5(•))  in the main resonator mode has to be also included in principle, but is negligible because of the very large number of phonons present in the main resonator mode.  Eq. (11) can be written in the form 


S(f) = V/fQ4,









(12)

where, with an intermediary value <>=1010s, with n=kT/ EQ \O(h,´) <>, T=300K,  kT=4.10-14erg, N/V=[5.10-8cm]-3 =8.1021cm-3 for a=5Å in a ZnO lattice


 =(N/V) EQ \O(h,´) <>/12n2mc2 =8.1021(1/137)(10-271010)2/12kT10-23 9.1020 =0.8    (13)

The form of Eq. (11) shows that the level of 1/f frequency noise depends not only as Q-4 as previously proposed, but also on the volume of the active region. Note that the phonon removal process creates the largest electromagnetic bremsstrahlung due to the change in the thermal phonon number at the frequency <w> that is associated with the same process.  The average/effective frequency of an interacting thermal phonon can be calculated from the matrix elements and the phonon spectra, and can be considerably larger than our value here.


Resonant sensors are based on the adsorption of many gas molecules (with total mass m) on the surface of a polymer coating on the resonant element.  For biological agents, corresponding antibodies are deployed on the resonator face.  The adsorption gets detected by a reduction 


y =m/m  








(14)

of the resonance frequency  of the ZnO crystal. However, the latter is also subject to fundamental Q1/f frequency fluc​tuations.  Here  is a constant of proportionality.  The quantum 1/f limit of detection is given by 


2Sm/m(f)=Sy(f) =C/f, C(Sy(1Hz),  






(15) 

where Sy(f) is given by formulas (11)-(14) as 


Sy(f) = V/fQ4=C/f for V≤3 with C=V/Q4, 






and 


Sy(f)=6/fVQ4=C/f, for V≥3 with C=6/VQ4.




(17)

Thus, if e is the coherence length of the phonons in the ZnO crystal, 


(m/m)min=(2ln2)1/2(C)1/2/=(2ln2)1/2[Sy(1Hz)]1/2/




(18)
is the r.m.s. fractional mass deviation attainable (flicker floor). This resolution is independent of averaging time T if larger than the averaging time that eliminates white frequency noise.

To optimize the sensor we must avoid closeness of V with  which corresponds to the maximum error and minimal sensitivity situation. (Topic 6; ORAL PRESENTATION)
