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The gate surface of a FET can be painted with antibodies for certain biological agents, causing it to change its surface potential by VG and therefore also the channel resistance by RCh =km.  Here k is the effectivity of the antibody paint.  The resulting channel current change competes with quantum 1/f noise [1]-[3] generated in the channel, which determines the sensitivity.


The element of resistance dR along y, i.e., along the current-carrying channel can be written, dR = dy/ (qnN’), where n is the electron mobility. Here N'=dN/dy is the number of carriers per unit of length y along the channel. The quantum 1/f noise [4] in the element of resistance dR is given by the basic quantum 1/f formula for mobility fluctuations, (dR)-2<(dR)2>f =H/fdN. Using this for dR, we obtain

  <(dR)2>f  =[dRdy/qnN’f]
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Here =e2/(c=1/137. For modern FETs and HFETs we derive below, at the end, an effective coh based on a coherence ratio s (Em/Ek ( (nrotLDSln(w/2LDS) for w>>LDS>t that shows that only an effective width w=weff about equal to LDS should be used in the calculation of the coherence parameter s.  Multiplying on both sides with the channel current Ich =-dV/dR, and integrating,


fIch<(R)2>f = -∫VsVd[dV/qnN’2] 







(2)

Introducing Fermi statistics, for a GaN/AlxGa1-xN doped n-channel HFET the number of carriers per unit length N’ of the 2-dimensional channel is written in the form [4]-[5]


N’(y) = ZDeffVthlog{1 + exp[(VG*-V(y))/Vth]}.





(3)

Here Deff=qm/ EQ \O(h,´) is q times the effective density of states per unit area.  Multiplying Eq. (2) by Ich/f, this yields the spectral density of VDS fluctuations in terms of device width Z, channel current I, and thermal voltage VTh=kT/q, with X=1+exp[(VG*-V)/Vth]
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(4)

Here X0 and X1 are the values of X at the source (V=0) and at the drain (V=VDS), while H=H(y) is the y-dependent form of the quantum 1/f coefficient introduced above.  
In general, part of the channel may be sub-threshold (the part closer to the drain), starting at V(y) =Vsat=VG*.  The use of Fermi statistics becomes unavoidable, as is shown in Eq. (4).  However, although Eq. (4) includes the field dependence of  and , it fails to reflect the physical situation correctly, because it neglects the impact ionization effect in the subthreshold section of the channel length.  This effect is roughly included below in a first approximation, along with the variation of AlGaN polarization with y, by dividing the channel along its length into a coherent and conventional parts.


Using the fact that the velocity of the carriers shows strong saturation in the subthreshold section, to include the impact ionization effect, we return to the variable V in Eq. (4), we split up the integral at 

V(y) = VG*-Vth, and write the second, sub-threshold, part of the integral separately, with the number of carriers per unit channel length defined as N’ = Ich/qvs, where vs is the saturation velocity, 
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Here  was represented as coh in the above-threshold term, but this does not simply mean its coherent value, as we show below.  We also can approximate the ratio v(E)/E by 3.5 0, where o is the low-field mobility and E is the electric field strength.   The second term in curly brackets must be omitted when negative. 


With this quantum 1/f definition of C, the ultimate two-sample (Allan) variance obtainable is <(m)2>=2Cln2.  This limits the achievable minimum detectable concentration of the biological agent.

The above expression provides an analytical expression for the achievable flicker floor of biological and chemical detection, that can't be reduced by longer time averaging.  Eq. (5) can also be used to optimize industrial FETs, HFETs, and FET-based biochemical sensors and detectors.


Calculation of the effective coh for modern FET and HFET structures. The ratio s of the coherent magnetic energy term and the incoherent mechanical kinetic energy terms of the drift motion in the hamiltonian of a current carrying system must be calculated for the special cases of a HFET or FET.  This ratio defines the resulting quantum 1/f noise from the coherent and conventional quantum 1/f effects.  


In this case of FETs and HFETs of much larger width w>>LDS>t, the kinetic energy Ek of average motion with drift velocity vd per unit length in the direction of the drain-source distance LDS in the channel of thickness t, is still given by Nmvd2/2, but the magnetic energy Em per unit length in the direction of LDS is roughly proportional with the first power of w only, instead of w2, and can be approximated by Em = ([ln(w/2LDS)]LDS[nevS/c]2/w. Here S=wt is the cross section though which current flows this indicates field-decoherence along the large device width w.  This yields a coherence ratio of  s ( Em/Ek ( (nrotLDSln(w/2LDS), which shows that only an effective width w=weff about equal to LDS should be used in the calculation of s in this special case; larger widths are subject to de-coherence. This favors lower, mainly conventional, quantum 1/f noise in these devices, in spite of the large values of w.  It also explains for the first time why the huge widths are possible with impunity, i.e., without causing the much larger coherent quantum 1/f noise to appear.  


To derive the rough approximation s (Em/Ek ( (nrotLDSln(w/2LDS) for w>>LDS>t, one writes the expression of the coherent ((n2) contribution of the currents in the short, but very wide channel to the magnetic energy of the circuit in the form


Em=∫[j(x).j(x’)/2c2|x-x’|]d3xd3x’=e2vd2∫[n(x).n(x’)/2c2|x-x’|]d3xd3x’.



(6)

The integral coincides with the electrostatic energy of an equivalent constant charge density numerically equal to e/c2 in CGS, or eo/40 in SI, uniformly distributed over the volume wtLDS of the channel. This energy, in turn, is calculated as the corresponding volume integral over the squared equivalent electric field, using LDS as a lower cut-off. The equivalent electric field is E=netw/cr(r2+w2/4)1/2 at a distance r in the median plane of a segment of length w oriented along (aligned with) the width w of the channel. In performing the equivalent integral over E2/8p over the whole space, we use this to approximate the field in space outside the length and along the width w of the channel, because w is very large. A more elaborate calculation does not simply approximate the field with its value in this median plane, but yields similar results in the end, as s (Em/Ek ( (nrotLDSln(w/2LDS).

For non-uniform current distribution across t, and for piezoelectric coupling, improved forms are derived for s. Specifically, the coherence parameter, called s’ for the piezo case, is given by s’ = (gN’(/m*vs)( vs/u)3F(u/vs)t/12w, where F(u/vs) = (2/3)(u/vs) for small drift velocity u, much smaller than the sound velocity vs in the semiconductor. Here N’=nwt.
References

1.   P.H. Handel: "Fundamental Quantum 1/f Noise in Small Semiconductor Devices", IEEE Trans. on  

      Electr. Devices 41, 2023-2033 (1994).

2.   P.H. Handel: "Coherent and Conventional Quantum 1/f Effect" Physica Status Solidi b194, 393-409 

      (1996).

3.   P.H. Handel: “Noise, Low Frequency”, Wiley Encyclopedia of Electrical and Electronics  

      Engineering, vol. 14, pp. 428-449, John Wiley & Sons, Inc., John G. Webster, Editor, 1999.

4.   P.H. Handel, A.G. Tournier, “Nanoscale Engineering for Reducing Phase Noise in Electronic  

      Devices,” Proceedings of the IEEE Vol. 93, No. 10, October 2005, pp. 1784-1814

5.   Hadis Morkoç: Handbook of Nitride Semiconductors and Devices, Noise Chapter, Springer, 2007.

























































































































_1120317887.unknown

_1120318900.unknown

_1110217056.unknown

_1120316972.unknown

_1045508651.unknown

