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Abstract— This paper shows that in certain conditions fundamental 1/f noise in a semiconductor sample is increased by the presence of another similar current-carrying sample located in the close vicinity. This proximity effect is described by simple formulas derived here. The paper displays the connection between coherent and conventional quantum 1/f effect in terms of the s-parameter, i.e., the ratio between magnetic and kinetic energy of the carriers. On this basis the proximity effect is introduced for the first time. It is shown to be important in the transition region between coherent and conventional quantum 1/f effect. This is just the region corresponding to nano-scale structures and devices. Therefore, the new effect will be important in nanotechnology allowing for lower 1/f noise by splitting up the nano-wire into several thinner wires, or wells, with the same total cross section.
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I.  Introduction


The transition region between the coherent and conventional quantum 1/f effects is given by

H  = conv/(1+s) + cohers/(1+s) 

 =(4)(v/c)2/(1+s) +(2)s/(1+s),  

for the quantum 1/f coefficient, or Hooge constant, H, where s is a parameter that governs the transition.  Here conv and coher are the coefficients present before the weights 1/(1+s) and s/(1+s).  Also,  =e2/c EQ \O(h,´)  =1/137 is the fine structure constant and A = 2e2(v)2/3c3 EQ \O(h,´)  in the conventional (first) term. We de​noted by v the velocity change of the current carriers in the scattering process whose rate fluctuations we are describing. The coherence parameter s depends on the concentration n of carriers and on the transversal cross section area A of the quantum wire, conductor, semi​conductor, sample or device.  A is perpen​dicular to the direction of the current.  Specifically, s = 2nAr0.

Here r0 = e2/mc2 is the classical radius of the electron, r0= 2.84 10-13cm.  Therefore, s is twice the number of carriers in a salami slice of thickness equal to the classical diameter of the electron, nor​mal to the direction of cur​rent flow.  The resulting spectral density of fractional quantum 1/f current fluctuations j/j is then given by the quantum 1/f coefficient H through the relation Sj/j(f)= H/fN.






Consider two very long straight conductors of length L, of almost equal circular cross sections A1 and A1 ≈ A2, both with approximate radius of the cross section a, carrying cur​rents 
[image: image1.wmf] and 
[image: image2.wmf]and separated by a distance r between their axes. Then the magnetic energy, per unit length, becomes


[image: image3.wmf]

(1)

As we explain after equation (3) below, ignoring the work done on the battery that keeps the currents I1 and I2 constant when we increase the distance between the wires, causes the usual energy considerations, which are based on the definition of energy as the work done by us on the system, to yield a wrong sign of the second term here. Substituting

[image: image4.wmf]


(2)

into equation (1), we obtain


[image: image5.wmf]
(3)

Here R is a large cutoff of the order of the radius of the cir​cuits that contains the long straight conductors of length L. This parameter enters only logarithmically so it is not very important and can be determined experimentally, e.g. by measuring the resonance frequency of the circuit with a ca​pacitor and tunable A.C. generators. Notice that for r=2a, when the two conductors fuse, the second term in equation (1) is practically zero and the magnetic energy is the well-known energy of a single cylindrical conductor of circular cross section A = A1 + A2. This is four times the energy of a single conductor of cross section A1, in the case A1 = A2. 


On the other hand, for r = R the second term can be combined with the first term in equation (1) as shown in equation (3), to yield simply the sum of the energies of the two infinitely separated parallel conductors. This is only two times the energy of a single conductor of cross section A1, in the case A1 = A2. The approximation indicated in equation (1) uses the same effective radius a in the argument of the slowly varying logarithm present in the first term, as is used for each of the conductors separately. Note, however, that even using 2a or 
[image: image6.wmf] we are ignoring the additional magnetic energy caused by currents present inside the conductors i.e., inside 

r =2a or r = 
[image: image7.wmf] radius. That would underestimate the magnetic energy by a constant term independent of r, which does not affect our calculation of the proximity effect. Indeed, It is known that the uniform current distribution inside the circular cross section of conductors just adds a term of 0.25 to the logarithm. 


The second term in equation (1) is the interaction energy of the two conductors, is given by minus the work Wm done by us in the separation process against the electrodynamical attraction force between the conductors,


[image: image8.wmf]

(4)

When the distance is increased from 2a to r. The integral is from 2a to r in equation (3), and yields the second term in equation (1) with opposite sign. The negative sign appears because in the separation process, the induced-Faraday-emf work WB done by the system of energy


[image: image9.wmf]


(5)
on the agency (e.g. a battery) to keep the currents constant is twice as large as Wm, and of opposite sign. In fact, while we are doing the separation work Wm on the system of two conductors, the system, in turn, must do on the battery twice the work Wm performed by us on it, for the benefit of the agency that keeps the current constant in the two conductors. Indeed, denoting the fluxes through the circuits to which the two parallel conductors are belonging with 1 and 2 respectively.


[image: image10.wmf]
(6)

Here the sum Σ runs over i =1 and 2. We obtain for the differential dW of the energy W of the system of two conductors in the form

[image: image11.wmf]

(7)

This explains the minus sign in equation (1). Based on symmetry and A1 ≈ A2, we use equation (4) to write the magnetic energy corresponding to the first conductor

[image: image12.wmf]

(8)

To generalize the definition of the parameter s we divide the magnetic energy of Eq. (8) by the kinetic energy of the drift component present in the motion vd of current carriers in the first conductor, per unit length
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(9)

This yields


[image: image14.wmf]
  (10)

or
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(11)

This form clearly displays the proximity effect in the second term of the expression obtained for the s-parameter of a wire, in the presence of a similar wire located at the distance r. Indeed, when we bring in A2 from infinity, (i.e., from r ≈ R), to the point of outright fusion with A1, (r ≈ a), s1 increases by an amount equal to s2. Fig. 1 (a), (b), and (c) show the overall s parameter as a function of the distance between the wires r. We consider two equal nanowires of radius (A1 = A2 = pa2) and circuit radius R = 10 m, n = 1017 cm-3, |Δv| = 104 m/s, with different sizes of the common radius a of cross section of the wires.  It shows that s can vary over a large interval as we see in Fig. 2, which contains both a, r, and the s parameter with R=10m, the size of circuit. The variation in this case is shown to be from s = 0 to s = 140.
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We can visualize the overall trend of the spectral density of fluctuations when we increase the distance between wires. Figs. 1. (a), (b), and (c) show the spectral density of fluctuation decreasing as a function of distance between wires, r, considering two equal nanowires (A1 = A2) and R = 10 m, n = 1017 cm-3, |Δv| = 104 m/s, for different wire radius values.
II. DISCUSSION


As we see from Fig. 1, due to the smallness of  
[image: image18.wmf] (≈ 10-8 in our Example in Fig. 1) the 1/f noise spectral density is practically proportional to s in the interval 
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Fig. 1.
(a), (b), and (c) The overall s parameter as a functionof the distance 
r between wires (r = 10nm - 1000nm). For R = 10 m, n = 1017 cm-3, 
|Δv| = 104 m/s
[image: image20.png]



Fig. 2.
The overall s parameter as a function of the distance r between 
wires (r =10nm - 1000nm). For R = 10 m, n = 1017 cm-3,

|Δv| = 104 m/s
10-5 < s < 1. This corresponds to the transition to coherence. What we have proven in equation (11) is that anywhere in this transition region of small to ultra-small device sizes, the 1/f noise power doubles when we simply bring 2 wires or nano-devices closer to each other. When we separate them again, a 50% noise reduction can be achieved, by avoiding the proximity effect.

Our result can be easily generalized to arbitrary ratios between the parameters of the two wires, wells or devices, such as cross section, carrier concentration, drift velocities, etc by using equation (39). For instance, if you start from a nanowire and bring another wire which is macroscopic 

(a = 1 mm) from a distance r ≈ R to where r ≈ a, then the s

parameter of the nanowire will vary from a very small number, e.g. s = 10-6 to a value s = s1 + s2 where s2 is about 3.6 x 109 for a copper wire with a =1 mm radius. This is a change by 12 orders of magnitude, as seen from the

prospective of the nanowire. From the prospective of the copper wire, it's s parameter did not change: it was 109 before and remained 109 after it fused with the nanowire. Both are considered to be very long, which means of the order of R.


In general, the proximity effect in the thinner of the two wires or devices will represent an increase by a percentage larger than 100%, and smaller than 100% in the thicker of the two wires. The generalization to any number of conductors is also trivial. This effect, based on the quantum theory of 1/f noise, will negatively affect the efforts of nanoscale integration, if it is not avoided by quantum 1/f optimization of the layout.


In conclusion, we expect the induced 1/f noise caused by the proximity effect to vary with the distance r between two parallel elements of current as shown in Equation (11) and Figs. 1 and 2. This result shows, e.g., for bundles of N identical doped strands of DNA, used as conductors, that the 1/f noise will be reduced about N times in each strand (of thickness 2a), if the distance between them is increased to values r ≈ R ≫ a. However, we remind here again, that this unusual effect will be observed only for wires (or strands, or ultra-small devices) in the transition region between the coherent and conventional regimes, corresponding to the central flat region on a 
[image: image21.wmf]versus N, or wire cross section, graph. This places restrictions on the thickness and concentration of carriers of the wires, strands, or devices.

As was shown in the paper of Handel and Tournier [16] the results obtained for wires here cannot be applied to the case of modern FETs and HFETs which have a width that can be two orders of magnitudes larger than the length of the gate or the channel.


In that case the magnetic energy only grows proportionally to the logarithm of the width of the device, therefore the width of such devices can be increased to several orders of magnitude above the length without increasing the s parameter and without increasing the resulting 1/f noise. This possibility of increasing width with impunity has been exploited in practice by device builders for the last five decades. The extreme width of these devices leads to incoherent-like, i.e., conventional, values of the s parameter and of the resulting Q1/f parameter, aH, since the magnetic field lines will close over the distance of order of the device length, in spite of the big device width, which is orders of magnitude larger. In conclusion, for FETs and HFETs the s parameter can be approximated by replacing the width with the much smaller device length.


The coherent and conventional terms in the Q1/f noise expression are calculated using the full width of the device in calculating the number of the carriers. It is only the s parameter that must be calculated by replacing the width with the device length.
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