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ABSTRACT


The physics, the theory and the engineering formulas of 1/f noise in ErAs-based all-epitaxial Schottky diodes are presenteded in a way related to the general pn junction quanum 1/f noise formulas developed by the author and van der Ziel ealier, but with inclusion of the image force contribution of an electron at the metal-semiconductor interface.  On this base the phase noise introduced by mixers constructed with the ErAs Schottky diodes was also studied and can now be calculated analytically with the Quantum 1/f effect formulas.
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1.  INTRODUCTION TO THE STUDY OF 1/f NOISE IN SCHOTTKY DIODES AND MOTIVATION


For various military and civilian applications, it is important to detect the presence of certain substances and life forms, based on details of their absorption spectrum in the THz spectral region.  This detection can be done at close range by screening objects, persons, luggage, etc., against explosives and other dangerous chemicals, bacteria, prions and viruses.  It would be desirable to also be able to do this from a distance, e.g., 100 m or 1 km, as "stand-off detection".  In this case, the strong absorption of THz radiation by atmospheric water vapor precludes direct use of THz radiation.  There is work in progress on how noise and phase noise limitations to atmospheric stand-off THz spectral sensing could be overcome.  The main focus of the present work is on exploring the limits an detection of THz electromagnetic waves with Schottky diodes, limits that are most often defined by 1/f noise, caused in turn by the quantum 1/f effects [1]-[9].  


THz radiation is of increasing importance for detection of bacteriological and chemical agents, including imaging and remote detection with differential absorption radar (DAR) [10].  The THz generator and detector used are based on devices with fluctuations that reduce the detectivity, the spectral resolution, and the useful range of the DAR.  Less understood, and more difficult to control is the 1/f noise and its resulting phase noise. 


Fluctuations with a spectral density proportional to 1/f are found in a large number of systems in science, technology and everyday life.  These fluctuations are known as 1/f noise in general.  They have first been noticed by Johnson in early amplifiers, have limited the performance of vacuum tubes in the thirties and forties, and have later hampered the introduction of semiconductor devices.


The present paper is focused on reducing the 1/f noise in THz hardware.  It starts with a special case of the general 1/f noise phenomenon, the Quantum 1/f Effect with its conventional and coherent contributions. The 1/f fluctuations are a necessary consequence of the mathematical homogeneity of the dynamical (or physical) equations describing the motion of an arbitrary chaotic or stochastic nonlinear system.  A sufficient criterion was derived on this basis by the author. It indicates if an arbitrary system governed by a given system of nonlinear integro-differential equations will exhibit 1/f noise, or not.  Our criterion required was applied to several particular systems, and is used to predict the fundamental quantum 1/f effect as a special case.  



The present paper will consider the quantum 1/f formulas applicable to ErAs-based all-epitaxial Schottky diodes and on the phase noise introduced by them.

MBE-grown ErAs:InAlGaAs metal-semiconductor Schottky diodes are best suited for use in focal plane arrays for millimeter and sub-millimeter wavelength imaging.  The present paper applies the quantum theory of 1/f noise to individual diodes of this type, to back-to-back ErAs contacted diodes without sidewalls, and also to similar diodes fabricated with sidewalls [11-[12].  Fter a general derivation of conventional quantum 1/f noise in Sec. 2 and its general application to diodes in Sec. 3, we start in Sec. 4 from the quantum 1/f expression of the spectral density


SI(f)= 2eId +(e3aHIo/3kTf)[vrvd/(vr+vd)][2Nd(Vdif-V)/ee]1/2.

This expression takes into account the image force and is valid both in the diffusion-limited (vr>>vd) and thermionic-limited (vd>>vr) limiting regimes.  Here Vdif-V is the Schottky barrier height,  the mobility, Nd the concentration of donors, e the elementary charge, aH the Hooge constant, and e the permittivity of the semiconductor.  For a small, heavily doped semiconductor, our conventional collisional quantum 1/f expression of aH is


aH=(4a/3p)(6kT/m*c2)=10-9Tm/(4m*100K), 

with vr=(kT/pm*)1/2, vd=m[2eNd(Vdif-V)/e]1/2.  For larger semiconductor contacts a coherent quantum 1/f contribution may yield a much larger aH.  Here a is the fine structure constant 1/137, m the electron’s mass and m* its effective mass.  Quantum 1/f noise is a property of physical cross sections, a new aspect of quantum mechanics.  These results will be derived in detail below. 

2. CONVENTIONAL QUANTUM 1/f EFFECT


This effect [1]-[7] is present in any cross section or process rate involving charged particles or current carriers.


The physical origin of quantum 1/f noise is easy to understand.  Consider for example Coulomb scattering of current carriers, e.g., electrons on a center of force.  The scattered electrons reaching a detector at a given angle away from the direction of the incident beam are described by DeBroglie waves of a frequency corresponding to their energy.  However, each of the electrons had a probability amplitude of having lost energy in the scattering process, due to the emission of bremsstrahlung.  Therefore, part of the outgoing DeBroglie waves is shifted to slightly lower frequencies.  When we calculate the probability density in the scattered beam, for each electron we obtain also cross terms, linear both in the part scattered with and without bremsstrahlung.  These cross terms oscillate with the same frequency as the frequency of the emitted bremsstrahlung photons.  The emission of photons at all frequencies results therefore in probability density fluctuations at all frequencies.  These quantum fluctuations average out (over their phases and/or over time) to a zero expectation value, but non-zero autocorrelation function and non-zero spectral density.  The corresponding current density fluctuations are obtained by multiplying the probability density fluctuations by the velocity of the scattered current carriers.  Finally, these current fluctuations present in the scattered beam will be noticed at the detector as low frequency current fluctuations, and will be interpreted as fundamental cross section fluctuations in the scattering cross section of the scatterer.  While incoming carriers may have been Poisson distributed, the scattered beam will exhibit super-Poissonian statistics, or bunching, due to this new effect which we may call quantum 1/f effect.  This obseved quantum 1/f effect appears to be a many-body or collective effect, at least a two-particle effect, best described through the two-particle wave function and two-particle correlation function.  However, it is present already in the single-particle  scattered wave functions, just as the Young diffraction pattern is present for a single photon, but can be observed only through the correlations revealed when a large number of photons is used.


Let us estimate the magnitude of the quantum 1/f effect semiclassically by starting with the classical (Larmor) formula 2q2a2/3c3 for the power radiated by a particle of charge q and acceleration a.  The acceleration can be approximated by a delta function a(t) = v(t) whose Fourier transform v is constant and is the change in the velocity vector of the particle during the almost instantaneous scattering process.  The one-sided spectral density of the emitted bremsstrahlung power 4q2(v)2/3c3 is therefore also constant.  The number 4q2(v)2/3hfc3 of emitted photons per unit frequency interval is obtained by dividing with the energy hf of one photon.  The probability amplitude [4q(v)2/ 3hfc3]1/2ei of photon emission is given by the square root of this photon number spectrum, including also a phase factor ei.  


Let  be a representative Schrödinger catalog wave function of the scattered outgoing charged particles, which is a single-particle function, normalized to the actual scattered particle concentration.  The beat term in the probability density =||2 is linear both in this bremsstrahlung amplitude and in the non-bremsstrahlung amplitude.  Its spectral density will therefore be given by the product of the squared probability amplitude of photon emission |[4q(v)2/ 3hfc3]1/2ei|2 (that is proportional to 1/f) with the squared non-bremsstrahlung amplitude which is independent of f.  The resulting spectral density ||-4S||2(f), of fractional probability density fluctuations (dyy, is obtained by dividing S||2(f) with ||4 and is therefore


||-4S||2(f) = 8q2(v)2/3hfNc3 = 2A/fN = j-2Sj(f),

       



(1)

where  = e2/(c = 1/137 is the fine structure constant and A = 4q2(v)2/3hc3 is known as the infrared exponent in quantum field theory, and is known in the theory of 1/f noise as the quantum 1/f noise coefficient.  It is related to what is known in experimental electrophysics as the Hooge constant.


The spectral density of current density fluctuations is obtained by multiplying the probability density fluctuation spectrum with the squared velocity of the outgoing particles.  When we calculate the spectral density of fractional fluctuations in the scattered current j, the outgoing velocity simplifies, and therefore Eq. (1) also gives the spectrum of current fluctuations Sj(f), as indicated above by the last form in Eq. (1).  The quantum 1/f noise contribution of each carrier is independent, and therefore the quantum 1/f noise from N carriers is N times larger; however, the current j will also be N times larger, and therefore in Eq. (1) a factor N was included in the denominator for the case in which the cross section fluctuation is observed on N carriers simultaneously.


The fundamental fluctuations of cross sections and process rates are reflected in various kinetic coefficients in condensed matter, such as the mobility  and the diffusion constant D, the surface and bulk recombination speeds s, and recombination times , the rate of tunneling jt and the thermal diffusivity in semiconductors.  Therefore, the spectral density of fractional fluctuations in all these coefficients is given also by Eq. (1). 


When we apply Eq. (1) to a certain device, we first need to find out which are the cross sections  or process rates which limit the current I through the device, or which determine any other device parameter P, and then we have to determine both the velocity change v of the scattered carriers and the number N of carriers simultaneously used to test each of these cross sections or rates.  Then Eq. (1) provides the spectral density of quantum 1/f cross section or rate fluctuations.  These spectral densities are multiplied by the squared partial derivative (∂I/∂)2 of the current, or of the device parameter P of interest, to obtain the spectral density of fractional device noise contributions from the cross sections and rates considered.  After doing this with all cross sections and process rates, we add the results and bring (factor out) the fine structure constant  as a common factor in front.  This yields excellent agreement with the experiment in a large variety of samples, devices and physical systems.


Eq. (1) was derived in second quantization, using the commutation rules for boson field operators.  For fermions one repeats the calculation replacing in the derivation the commutators of field operators by anticommutators, which yields [1]-[7]


-2S(f) =j-2Sj(f) =S(f) =2A/f(N-1)   






(2)

This causes no difficulties, since N≥2 for particle correlations to be defined, and is practically the same as Eq. (1), since usually N>>1.  Eqs. (1) and (2), and the coherent quantum 1/f effect mentioned below, all introduce a new notion of physical cross sections and process rates which contain 1/f noise, and express a fundamental law of physics, a new aspect of quantum mechanics, an aspect important in most high-technology applications.


We turn now to the connection to the closely related, usually larger, coherent Quantum 1/f Effect [1], [2], [4], [6], [13], [18], given by j-2Sj(f) =Sdj/j(f)=2a/pfN, essentially caused by the uncertainty of the electron mass, caused in turn by the coherent state of the field of the electron.  The coherent state of the harmonic oscillators of the electromagnetic field has an uncertain energy, which is not an eigenstate of the hamiltonian.  The coherent state of electrons (defined as including thir field) in a conductor or semiconductor sample is the result of the experimental efforts directed towards establishing a steady and constant current, and is therefore the state defined by the collective motion, i.e. by the drift of the current carriers.  It is expressed in the Hamiltonian by the magnetic energy Em, per unit length, of the current carried by the sample.  In very small samples or electronic devices, this magnetic energy

    
Em = ∫(B2/8)d3x =[nevS/c]2[1/4 + ln(R/r)]( [nevS/c]2ln(R/r)



(3)

is much smaller than the total kinetic energy Ek of the drift motion of the individual carriers


Ek = imiv2/2 = nSmv2/2 = Em/s.  






(4)

The opposite is true in a thick copper wire.  Here we have introduced the magnetic field B, the carrier concentration n, the cross sectional area S and radius r of the cylindrical sample (e.g., a current carrying wire), the radius R of the electric circuit, and the "coherece ratio"


s=Em/Ek=2ne2S/mc2[1/4+ln(R/r)]2e2N'/mc2 = 2N’ro = 5.68.10-13cm.N’, 


(5)

where N' =nS is the number of carriers per unit length of the sample and ¼ +ln(R/r) has been approximated by one in the last forms.  We expect the observed spectral density of the mobility fluctuations to be given by a relation of the form (See Fig. 4 in Ch. III below)


(1/2)S(f)=[1/(1+s)][2A/fN]+[s/(1+s)][2/fN]  
         




(6)

which can be interpreted as an expression of the effective Hooge constant if the number N of carriers in the (homogeneous) sample and the frequency f are brought to the numerator of the left hand side.  In this equation A=2(v/c)2/3 is the usual nonrelativistic expression of the infrared exponent, present in the familiar form of the conventional quantum 1/f effect [1]-[7], [13].  The second term on the right hand side brings in the coherent quantum 1/f effect contribution 2/fN, caused by the uncertainty in the energy of a charged particle of a given momentum [1], [2], [4], [6], [13], first introduced by the author in [18].  This uncertainty, just mentioned above between Eqs. (2) and (3), is caused by the coherent state of the field of the charged particle, which is not an energy eigenstate.  Equation (6) is limited to quantum 1/f mobility (or diffusion) fluctuations, and does not include the quantum 1/f noise in the surface and bulk recombination cross sections, in the surface and bulk trapping centers, in tunneling and injection processes, in emission or in transitions between two solids.


Note that the coherence ratio s introduced here equals the unity for the critical value N' = N" = 2•1012/cm., e.g. for a cross section S = 2•10-4 cm2 of the sample when n = 1016.  For small samples with N'<<N" only the first term survives, while for N'>N" the second term in Eq. (6) is dominant.

2. DERIVATION OF QUANTUM 1/f NOISE IN N+-P DIODES

For a diffusion limited n+-p junction the current is controlled by diffusion of electrons into the p - region over a distance of the order of the diffusion length L = (Dnn)1/2 which is shorter than the length wp of the p - region in the case of a long diode.  If N(x) is the number of electrons per unit length and Dn their diffusion constant, the electron current at x is


     Ind = - eDndN/dx,         
          






(7)

where we have assumed a planar junction and taken the origin x = 0 in the junction plane.  Diffusion constant fluctuations, given by kT/e times the mobility fluctuations, will lead to local current fluctuations in the interval x


Ind(x,t) = IndxDn(x,t)/Dn.      







(8)

The normalized weight with which these local fluctuations representative of the interval x contribute to the total current Id through the diode at x = 0 is determined by the appropriate Green function and can be shown to be (1/L)exp(-x/L) for wp/L >> 1.  Therefore the contribution of the section x is


Id(x,t) =(x/L)exp(-x/L)IndDn(x,t)/Dn,   





(9)

with the spectral density


SId(x,f) =(x/L)2 exp(-2x/L) Ind2 SDn(x,f)/Dn2.  





(10)

For mobility and diffusion fluctuations the fractional spectral density is given by Hnd/fNx, where Hnd is determined from quantum 1/f theory according to Sec 2.  With Eq. (7) we obtain then


SId(x,f) =(x/L2)exp(-2x/L)(eDndN/dx)2Hnd/fN.





(11)

The electrons are distributed according to the solution of the diffusion equation, i.e.

 
  N(x) = [N(0) - Np] exp(-x/L);  
dN/dx = -{[N(0) - Np]/L} exp(-x/L).         


(12)

Substituting into Eq. (11) and simply summing over the uncorrelated contributions of all intervals x, we obtain


SId(f) = Hnd(eDn/L2)2 ∫[N0-Np]2e-4x/L{[N(0) -Np] e-x/L + Np}-1dx. 
        

(13)

We note that eDn/L2 = e/n.  With the expression of the saturation current I0 = e(Dn/n)1/2Np and of the current I = I0[exp(eV/kT) - 1], we can carry out the integration


SId(f) = Hnd(eI/fn) ∫du/(au + 1) = Hnd(eI/fn) F(a).          




(14)

Here we have introduced the notations

    
 u = exp(-x/L),    a = exp(eV/kT) - 1,
F(a) = 1/3 - 1/2a + 1/a2 - (1/a3)ln(1+a).     

(15)

Eq. (14) gives the diffusion noise as a function of the quantum 1/f noise parameter Hnd.  A similar result can be derived for the quantum 1/f fluctuations of the recombination rate r in the bulk of the p - region, the only difference being the presence of Hnr instead of Hnd in Eq. (14).  The total noise is the given by Eq. (14) with Hnd replaced by the sum Hnd + Hnr 


SId(f) = (Hnd + Hnr)(eI/fn)F(a).        






(16)

3. SCHOTTKY BARRIER DIODES AND THEIR QUANTUM 1/f OPTIMIZATION IN THE THz DOMAIN


The development of spectral-based early warning sensor capabilities is critically dependent [7] on ultra-low noise sensors, detectors and UHF electronic components, e.g., Schottky diode rectifiers, multipliers, mixers, and heterodyne receivers.   Schottky barrier diodes are classical room temperature detectors that respond directly with a DC current or voltage, proportional to the square of the a.c. input voltage amplitude.  They are particularly useful in the 
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THz frequency domain, but can be extended into the infrared region.  They consist of a rectifying metal contact on a semiconductor sample (Fig. 1-2), or of a semimetal-semiconductor heterojunction (Fig. 3), as recently demonstrated [8].  On the other hand, a new understanding of the fundamental 1/f noise has emerged from the quantum 1/f theory, providing analytical expressions, and optimization methods for all sensors, detectors, amplifiers, resonators, and oscillators.  The present contribution is applying these new methods to various Schottky diodes, for a more complete, first principles, derivation of their Noise Equivalent Power (NEP), which naturally includes a 1/f noise caused part.  They are also applied here to other sensor methodologies, technologies and instrumentation that are vital for the most challenging bio-chemical and radiation agent detection and identification systems.


Schottky barrier diodes have a characteristic 


I=Io[exp(eV/AkT)-1]. 








(17)

Here Io is the electron current flowing in both directions at zero bias. By series expansion for V=Vo+v, this yields a response Id and a NEP


Id=Pa[d2I/dV2][2dI/dV]-1;  NEP=[2dI/dV][d2I/dV2]-1[SI(f) Df]1/2=(2AkT/e) [SI(f) Df]1/2

(18)

where Pa is the available power of the signal source or antenna assumed to be matched to the detector, R=2kT/e is the responsivity, 1<A<2 the ideality, and SI(f) is the power spectral density of noise


SI(f)= 2e(2Io+Id) +(e3aHIo/3kTf)[vrvd/(vr+vd)][2Nd(Vdif-V)/ee]1/2.



(19)

This expression takes into account the image force and is valid both in the diffusion-limited (vr>>vd) and thermionic-limited (vd>>vr) limiting regimes and in between.  Here Vdif-V is the Schottky barrier height, Df the bandwidth, Nd the concentration of donors, e the elementary charge, aH the Hooge constant, and ero the permittivity of the semiconductor. The first term in Eq. (19) is the (white) shot noise.  The second term is the quantum 1/f noise term.  For a small, heavily doped semiconductor, our conventional collisional quantum 1/f expression of aH is


aH=(4a/3p)(6kT/m*c2)=10-9Tm/(4m*100K), 





(20)

with vr=(kT/pm*)1/2, vd=m[2eNd(Vdif-V)/e]1/2.  For larger semiconductor contacts the capacitance of the diode increases, and a coherent quantum 1/f contribution, shown e.g. in Eq, (2.30) of [2], may yield a much larger quantum 1/f coefficient aH.  Here a is the fine structure constant 1/137, m the electron’s mass and m* its effective mass.  Substituting Eq. (20) into Eq. (19), we obtain 


SI(f)=2e(2Io+Id)+(((Ie(/(pm*c2f)[vrvd/(vr+vd)][2Nd(Vdif-V)/ee]1/2. 



(21)
We notice the absence of any direct temperature dependence.  These parameters can be used to optimize the Schottky diodes according to what ever other characteristics are deemed important.  This is accomplished analytically, by constructing an appropriate figure of merit, and maximizing or minimizing it by setting its derivative to be zero, w.r.t. any independent  parameter present in the figure of merit.  For mutually dependent parameters the conditional extremum must be found by elementary calculus means.  This has become possible because now we have analytical formulas for the 1/f noise for the first time.  Quantum 1/f noise is a property of physical cross sections, a new aspect of quantum mechanics.

4. SCOTTKY DIODES AS THz MIXERS

As a THz wave mixer, with go=dI/dV, this diode would have quantum 1/f phase noise [9] and available matched gain


Gav=(Pav)out/Pa=RaVp[d2I/dV2]2[4dI/dV]-1






({[1+gi(Ra+r)]2+w2C2(Ra+r)]2}-1
,


(22)

and, with our formula for the fractional quantum 1/f noise [2n(fQ]-1 in the radiation resistance, an equivalent available noise power per Hz at the antenna of quality factor Q


(Peq)a=(no+F2-1){[kT+SI(f)]/Gav} +Ia2Ra/[2n(fQ];    n=W/(ћ




(23)

with an addition due to the phase noise from the mixer.  Here Ra is the source (or antenna) resistance, Ia the effective a.c. value of the antenna current, Vp the pump voltage amplitude, r is the series resistance of the bulk and contacts region of the diode, C and gi the capacity and conductance in parallel characterizing the space charge region, F2 the noise figure of the IF amplifier, no=eId/2kTgo, and w the THz frequency. 


We have denoted by W the antenna oscillation energy, and n the number of oscillator quanta corresponding to W.  Again, the optimization proceeds from here with the definition of an appropriate figure of merit, which incorporates other features required by the given application at hand, in addition to minimizing noise, and competing at the same time in the design criteria. 
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FIG.  1: Point contact


Schottky barrier diode





Fig.2: Equivalent circuit of the Schottky Barrier diode





Fig. 3: MBE-grown ErAs:InAlGaAs heterojunction Schottky barrier diodes


  a - Single diode;   b - Back to back contacted ErAs diodes without sidewalls; c - With sidewalls. Young,  Zimmerman, Brown and Gossard [20]








