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Abstract. An investigation of electronic 1/f noise in ultrasmall devices and systems is presented,
focused on nanoscale engineering of electronic devices for low phase noise. The investigation is
based on the quantum 1/f formulas and the results are compared with the experimental evidence.
The role of phonons is studied in particular. In addition, the s-parameters for QED, piezoelectric
and quantum gravidynamic coherent and conventional quantum 1/f effects are presented and
discussed. Practical applications are also presented.
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1. INTRODUCTION

The Quantum 1/f Effect (Q1/fE) [1]-[5] is a fundamental fluctuation of all currents of
charged particles j, of all scattering cross sections G, recombination cross sections o,

tunneling rates or transition rates of any kind I, in short of all physical cross sections ¢
and process rates I', given by the universal formula

S(f) = 20A/N (1.1)
(conventional quantum 1/f equation [4]-[5]) for small devices, and
S(f) = 20/nfN (1.2)

(coherent quantum 1/f equation [2]-[5]) for large devices. These two Q1/fE forms can
be combined into a single general formula [2]-[5], as indicated below in Eq. (1.3). Here
S(f) is the spectral density of fractional fluctuations in current, 8j/j, in scattering or
recombination cross section 0G/G, or in any other process rate OI/I". o=e¥h c=1/137 is
Sommerfeld's fine structure constant, a magic number of our world depending only on
Planck's constant h, the charge of the electron e and the speed of light in vacuum c.
A=2(Av/c)*/3m is essentially the square of the vector velocity change Av of the scattered
particles in the scattering process whose fluctuations we are considering, in units of c.
Finally, N is the number of particles used to define the notion of current j, of cross
section ¢ or of process rate I.

Due to the presence of a bremsstrahlung emission amplitude in scattering, the
scattered current per unit incoming flux, also called by us "the physical scattering cross



section ¢" will contain several energy and momentum components. These interfere with
each other, causing conventional quantum 1/f noise, i.e., quantum fluctuations of ¢ with
a 1/f spectral density. The quantum expectation <6> of ¢ gives the usual definition of
the cross section. The quantum 1/f fluctuations are macroscopic at low frequencies
because of the 1/f dependence, and because they are slow, thus quite different from other
quantum fluctuations, a new aspect. As seen from Eqs. (1.1) and (1.2) they contain
Planck's constant in the denominator. Therefore, they will be important at low
frequencies, as opposed to other quantum fluctuations.

Another manifestation, or aspect, of the same Q1/fE phenomenon is the uncertainty of
the mass shell of a charged particle due to the infinite range of the Coulomb interaction
[2]-[4]. This requires a new picture [2]-[4] in which the long range part of the
interaction is included in the unperturbed hamiltonian. This, in turn, leads for the first
time to the existence of the interaction representation, and to finite matrix elements. It
also leads to a branch-point singularity in the propagator, to a more complex free particle
notion, to a coherent state of the field associated with the free particle. As has been
shown, however, it also leads to the presence of the macroscopic coherent quantum 1/f
fluctuations of all charged currents, expressed by Eq. (1.2), i.e., the coherent quantum 1/f
effect.

We expect the total observed spectral density of the mobility fluctuations to be
approximated by a relation of the form

(1/u2)Sy(f) = [1/(1+s)][20A/fN] + [s/(1+s)][20/nfN] (1.3)

which can be interpreted as an expression of the effective Hooge constant if the number
N of carriers in the (homogeneous) sample is brought to the numerator of the left hand
side. In this equation 0 A=201(Av/c)2/3T is the usual nonrelativistic expression of the
infrared exponent, present in the familiar form of the conventional quantum 1/f effect.
The coherence parameter s is given by the "coherence ratio"

s = Ey/Ex = 2ne2S/mc2[1/4 + In(R/r)] =2e2N'/mc? = 2N’r, = 5.68'10*cm'N”, (1.4)

where N' = nS is the number of carriers per unit length of the sample, r,= ¢*/mc* =
2.84'10"" cm is the classical radius of the electron, and the expression in rectangular
brackets has been approximated by unity in the last form. 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 = 2.104 cm? of the sample when n = 10'6. For small samples with
N'<<N" only the first term survives, while for N'>N" the second term in Eq. (1.3) is
dominant.

2. CALCULATION OF THE s-PARAMETER FOR THE CASE OF
HFETs AND FETs OF LARGE WIDTH

An important special case should be mentioned. Eq. (1.3) was derived for the case of
a cylindrical sample with circular cross section of radius r, shaped like a straight wire.
Modern FETs and HFETsS try to increase the denominator N in Egs. (1.1)-(1.3) without
markedly increasing the coherence parameter s, by choosing an extreme case of a



rectangular cross section for the portion between source and drain, and even more
extreme for the channel, which is the region under the gate. Indeed, the circular cross
section is replaced by a rectangle with a very large width w of several hundreds of
microns and less than a micron thick, the channel being even thinner. The channel is
reduced to a 2-dimensional quantum sheet, which is a quantum well of size (thickness) t
in the 3 dimension, towards the gate. Most important, the “length” Lps of the source-
to-drain distance is only of the order of 1micron, while the gate length is just about a
quarter micron or less. In this case the kinetic energy Ex per unit length in the direction
of Lps is not affected in Eq. (1.3), but the magnetic energy E., per unit length in the
direction of Lps is roughly proportional with the first power of the width w only, instead
of w?, and can be approximated by

Enm = n[In(w/2Lps)]Lps[nevS/c]/w. 2.1)

This indicates decoherence along the device width w. For w>>Lps>t, this yields a
coherence ratio
S = TEHI'OtLDsln(W/zLDs) for w>>Lps>t, (22)

which shows that only an effective width w=w.¢ about equal to Lpg should be used in
the calculation of the coherence parameter s in this special case; larger widths are subject
to de-coherence, i.c., their magnetic energy no longer increases proportional to w”, or
N’ This favors lower, mainly conventional, quantum 1/f noise in these devices, in spite
of the large values of w, in agreement with the practical results, which anticipated the
quantum 1/f result simply by trial and error, unaware of the subtleties of the transition
from coherent to conventional Q1/f noise in this case, and in general. It also shows that
fragmentation of the extremely large widths w does not reduce 1/f noise in this special
case.

Note: To derive the rough approximation given in Eq. (2.1), one writes the expression
of the coherent (e<n®) contribution of the currents in the short, but very wide channel to
the magnetic energy of the circuit in the form

En=I[j(x)j(x*)2¢*x-x’ ||’ xd*x’=e* vl [n(x)n(x’)/2¢*[x-x’||d’xd’*) . (2.3)

The integral coincides with the electrostatic energy of an equivalent constant charge density numerically
equal to e/c* in CGS, or ell,/4mey in SI, uniformly distributed over the volume wtLpg of the channel. This
energy, in turn, is calculated as the corresponding volume integral over the squared equivalent electric
field, using Lpg as a lower cut-off. The equivalent electric field is netw/cr(r>+w?*/4)"* at a distance r in the
median plane of a segment of length w oriented along the width w of the channel. A more elaborate
calculation does not simply approximate the field with its value in this median plane, but yields similar
results in the end.

3. QUANTUM 1/F PHASE NOISE IN OSCILLATORS

3.1 FET and HFET - Based Amplifier Noise Figure F when the 1/f Noise Power
Spectra S;r/r for the Channel and Szrc/re for the Gate are Known

The connection between HFET channel resistance fluctuation noise and the noise
figure F of the corresponding amplifier is derived here, in order to show how the various
noise sources present in the channel and in the gate can be integrated.



The Noise Figure F of an amplifier stage is defined as

F = [Output noise power <AV2>f]/ [Output noise power of the noiseless amplifier or

device].
If, for instance, the amplifier stage (e.g., an FET or HFET), amplifies the thermal

noise of a conductance gg connected between the input ports, with a current Ic, present in
the channel, the noise figure is

F = {4kTog, + (4kTogi + 16 Ssrama) + (2st2i) [(4KTo/Rep + Ien Sgrm)/[Yirl 11 /4K Togs
=1 +[gi + I6"Ssrara/ 4k Tol/gst (gstei) {[4KTo/Ren + Ion Ssrrl/|Yul }/4kTogs (3.1)

Here Sspr and Ssrerc are the (quantum 1/f and GR -type) spectral densities of
fractional resistance fluctuations in the channel resistance R¢y, and gate insulation
conductance g; respectively, while |Yy| is the transadmittance, also known as
transconductance (gy,) at lower frequencies. This result derived below for F assumes
that the noise source Sgrg/rc in the gate insulation conductance g; and the noise source

Ssrr 1n the channel resistance Rcy, are uncorrelated. This is not always rigorously true,
particularly at high frequencies, at which, however, the base-band 1/f noise is negligible;
while phase noise matters. The phase noise is the one that persists with importance at
high frequencies, more than amplitude noise, in most applications.

The minimal noise figure F,;, is a good measure of the noise of the amplifier stage at
intermediate values of g, Ry, is a good noise measure for large values of gg, and g,,=
gnt Rngi2 is a good noise measure for small values of g;. From Egs. (1) and (5), Ryo=
Ry/(1-2R,g; ) = Ry, is the source resistance necessary to double the output power of the
(short-circuited-input) amplifier stage. Also, gno/(1-2R,g)) = gno 1s the source
conductance needed in order to double the output of an amplifier, starting from g¢=0.
Note that R, and g, are defined by Egs. (8) and (9) below. Finally, F turns out to be
practically the same for common source, common gate and common drain circuits. The
~ sign assumes g; <<1/2R,, i.e., that there is good gate insulation. The minimal noise
figure

Fmin = 1+ 2Rafgi + (gn/Rotg) ) = 1+ 2{[4KTo/Ren + lan” Serml/ 4K Tl Vi } g

+ [[Y ol (4k Tog; + 16*Ssrama) (4K To/Rep + Ien Sgrm) 212} (3.2)
is obtained for

2 12
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={g Y o (4kTogi 16 Ssrara) (4K To/Rentlon Ssem)} - (3.3)

Note that the present results assume a negligible direct input-output coupling (and
therefore uncorrelated fluctuations in the gate and channel resistances), as can be
obtained at low frequencies, and for low-frequency noise processes leading to generation
of phase noise close to the carrier at high and ultra-high frequencies. It is easy to relax
this neglect of correlation.



3.2 Quantum 1/f Noise Sources in GaN HFETSs

The gate leakage current results in relatively large noise, and can contribute considerably
to phase noise. This large contribution is caused by the piezoelectric quantum 1/f effect
affecting currents present in sufficiently large samples of spontaneously polarized
ferroelectric material, with a 10° times larger quantum 1/f noise coefficient introduced by
the speed of sound replacing the speed of light in Sommerfeld’s fine structure constant.
It is enhanced also because gate potential fluctuations appear amplified in the channel
current. Our theory yields a power spectrum of gate resistance fluctuations [5], [6],

SsrG/RG= Oa/Ngf; og =0.2= piezo Q1/f coefficient. 3.4)

Here Ng= Igt, where I is the gate current and T is the life time of the carriers in the

AlGaN gate insulation. The graph in Fig. 4.1 on p. 48 of [6], has g=3, thus a=0.2.

The noise present in the GaN/AlGaN HFET’s channel was derived in [5] and is used
in Eq. (3. Including also the source and drain resistances, in terms of the HFETs channel

resistance R¢y and of the current Iy, through it, we obtain Rg+Rey+Rp=1/Gyy;
Sk = Srs+Srp+Skren H4KTRew/Ien” = 4kTRn/Ien” +Rs eptsois/fLs™+Rp elpon/fLp” (3.5)

3.3 Total 1/f-Type Phase Noise S

In terms of R, Rg, Icp, and Ig, with RgtRentRp=R, our goal is to find the total

quantum 1/f frequency fluctuation noise SyH=Const/f =Ssw/e> Including also all thermal
noise sources at the end. The quantum 1/f resistance fluctuations in the channel, source,
drain and gate are independent, because they are fluctuations of different scattering cross
sections and process rates. According to Eq. (3.5), we obtain, by including the
fluctuations of the channel resistance induced by the gate resistance fluctuations,

Sr=SRr:+Sro*SrenT4kT(gntg.)/(gi+2) Ten’) Ren Yol (3.6)
=Rs3e},l,sOCs/ flLg +RD3C},LDOCD/ fLp +4kTRCh/ICh2

conv 2R
— [ za? T LA EO(8)]+
MfICh qZ Defthh Ich
+4KT(gutgo)/(gites) Ten )R Yol (3.7)

Here oy is given by Egs. (1.3) and (2.2), and we included the noise conductance of the
gate g.= gitlg’Ssara/4kT. We are now writing the resulting phase noise. With

SH — R(_Zi 1 [ (XH a‘ls—;quijCh i@(g)]_'_ O(‘s RZ + o(‘D RZ
Y 4Q4 l"‘ﬂCh qZZDiﬁ‘Vth ICh st ) f}ID P
4KkT + Vv \Y%

L AL (e, 2g2") IR, Y, P +4kTR, /12 };...6=1——9—+ —L—;

g ! R I R I
(gs +gi) ICh Ch ' Ch Ch ' Ch

O(E) = (14 SIENE) / 2o (3.8)



y=0w/m, the above equations (3.8) provide the quantum 1/f frequency fluctuations
component, which is dominant close to the carrier, arising from the GaN/AlGaN HFETs.
They also yield the frequency fluctuation from thermal noise in the gate and the channel.
To this result we have to add the well-known contribution of the sidebands arising from
device nonlinearity (NSB-part).

This NSB part can be reduced by operating the HFET at saturation, and by restricting
the dynamical range. Furthermore, partial compensation measures are possible for this
classical part.

The phase noise at a frequency Av=f from the carrier frequency is given most often
not in terms of frequency fluctuations, but in dBc, i.e.,

L(H)= L(AV)=10log[(1/2)(e/27)*Sy(f)] (3.9)

Nanotechnology raises new questions of electronic noise, since fluctuations are more
important in smaller devices. Based on the quantum 1/f noise theory, we find that in a
certain transition range of device sizes this general law is suspended, but reappears for
1/f noise in the nanometer domain, where the transition from coherent to conventional
quantum 1/f effect is complete [5] causing Moore's Law to fail. The resulting quantum
1/f formulas are used to describe 1/f noise in materials, devices and systems. They are
used here to calculate the phase noise of GaN/AlGaN HFET-based oscillators. RTDs,
BAW and SAW quartz resonators, MEMS resonators, and spin valves, or in general in
spintronic devices, are considered elsewhere [5]. They are also used to calculate phase
noise in these devices and in oscillators based on them [5], from first principles along
with some classical noise sources. Device optimization is thus facilitated for ultra-small
devices, and in general, for any kind of Hi-tech material, device, or system. This is im-
portant for radar, radio-links, wireless communication in general, both civil and military.
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