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b FIRST ANNUAL REPORT g
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\ Starting Date: May 1, 1945; Date of this Report: May 30, 1986 :‘_\j
‘ Abstract 5,.«:,.
:.: During this period a second - quantized derivation of the quantum 1/f effect :":.:','_:
E- was developed by the principal investigator. This derivation i1s based on the pair .:”EEE
. correlation function and automatically includes the right form of exchange ;;'..!
! between fermions and between bosons. ,:E:_"»
b Also for the first time a direct calculation of the effect of a finite mean free P
o path was performed by the principal investigator. This calculation justifies his o

; methods used so far in the calculation of quantum i{/f noise and results i1n a

::E correction factor of the order of the unity.

: As a first step of a more genen;l study of 1/‘;4 noise in semiconductor devices

n"'-p diodes have ben investigated with emphasis on HgCdTe photodetectors.

;' Quantum {/f noise has been calculated in the surface and bulk recombinmation E\"‘:
b‘ currents, in the diffusion and field currents, and in the tunneling currents. Due ;g
: : to the large localized electric field at the surface, a larger fractional quantum $/4 E%é
«'E nolse power is aobtained for surface recombination currents than for similar bulk Eé‘i
' recombination currents. All quantum {/f noise calculations are first principles f‘«!
;3 calculations with no free parameters, based on the quantum 1/f effect in ::-',"-.-'.
:\: scattering and recombination cross sections, as well as in tunneling rates. '_\\
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I. INTRODUCTION j_,

'_;j._,.

L.

Progress has been achieved during the first year of this grant in three s:}.;‘--
R

directions: 1) Performance of a second - quantized derivation of the conventional _\‘j:;}

P4
.@_\I‘I’n
Ay

&1
oy

quantum i{/¢ effect, which allows for a better physical

LA 3
!

understanding of this phencmenon as we shall see in Sec.Il; 2) Calculation of the

)

effect of a finite mean free path of the current carfiers on the conventional :I'.:‘:
quantum {/f effect in condensed matter as presented in Sec. III; 3) Detailed .’
V
calculation of { /¢ noise in n*-p HgCdTe photodetectors which will be reviewed in :\:._’
Sec. IV; 4) Generation of a heuristic practical formula connecting "conventional” :'EE
and "coherent state" quantun-'u 1/¢ nclise, which wi}l be reviewed in Sec. V; and %) ::;'

1)

Performance of a simple calculation of quantum {/f noise in SGUIDs which will be
considered 1n Sec. IV,

The results of 1/ noise calculations 1n n"’—p HgCd7Te dicdes performed on the
basis of the quantum 1{/f noise theory are presented and compared with
measurements at temperatures of 77K, {93K and 300K, as well as with other
exprimental data. Although the calculations do not contain adjustable
parameters, a very encouraging correspondence between theory and experiment 1s

found) and a unified first principles description of 1/ noise contributions from
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scatering, tunneling, or surtace and bulk recombination cross sections 1s
. obtained.

Experiments on n*-p HgCdTe diodes performed at temperatures between 77K
and 300K indicate a linear dependence of the 1/ current noise power spectrum on
dark current at sufficiently large bias and a quadratic dependence at very low
bias. The observed values of the Hooge parameter are compared with the
predictions of the quantum 1/f theory in the diffusion model and found to be
between coherent and incoherent quantum 1/ values, closer to the latter. The
inclusion of bulk and surface quantum {/f recombination rate fluctuations

. improves the agreement with the quantum 1/f theory for n*-p diodes.

An electrically charged particle includes the bare particle and its field. The
field has been shown in the last two decades to be in a coherent state, which 1s
not an eigenstate of the Hamiltonian. Consequently, the physical particle 1s not
described by an energy eigenstate, and is therefore not in a stationary state. In
Sec. V of this report we show that the fluctuations arising from this non -

stationarity have a {/f spectral density and affect the ordered, collective, or

translational motion of the current carriers. This "coherent" quantum i/ noise
should be present along with the familiar quantum {/f effect of elementary cross

- sections and process rates introduced ten years ago, just as the magnetic energy
of a biased semiconductor sample co;xists with t;e kinetic energy of the
individualy randomly moving, current carriers, The amplitude of the quantum 1/+4
effect is always the difference of the coherent quantum i /¢ noise amplitudes in
the "out" and "in" states of the process under consideration and dominates in
small samples, while large samples should exhibit the larger coherent quantum
1/¢ noise.

In the last section of this report, Sec. VI, the fundamental quantum /¢

fluctuations of the cross sections and transition rates which determine the
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normal resistance are evaluated for the case of a Josephson junction.
Considering the velocity change in the quantum 1i/f formula equal to twice the
Fermi velocity and the concentration of carriers in the barrier 1019¢m=3, 5

spectral density of fractional fluctuations in the normal resistance of the barrier

of 410~14/¢ is obtained for a Junction with a volume of the barrier of 10~12¢m3,
These fluctuations are inversely proportional to the barrier volume and result in

voltage fluctuations both directly and through the dependence of the critical

PO
3

current on the normal resistence, in good agreement with the experimental data.
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R II. SECOND - QUANTIZED FORMULATION OF THE QUANTUM {/F EFFECT :ﬁ:ﬁ:

wiala
Ve In this Section we focus on the particles emerging from an interaction of any s' -

kind, e.g. scattering, tunneling, emission processes, etc.. Qur goal is to calculate \
\l
the pair - correlation function both for the case that the ocutgoing particles, ;

RN

.y

P which are always considered identical noninteracting particles, are fermions, and _-:::
» oo
- in the case that they are bosons. AN
;‘4 PR
v o

Mo
'{A.' 3
I" I'

2.4. THE CASE OF FERMIONS ’
l::' ~$
:;: The state of two fermions, both outgoing from the same AN
., . \",\"\
E’ interaction, but with statistically ir:dependent bremsstrahlung energy losses ”“f'
E arompanying the process for them, is
> -
i'.
'’

(Wg) o€ fan (™o Toimd Iy o

. (k-2 + 3
(e%7+ E'B(” oV (k-2)n) \lgt) 4’3""’ 10 >; @0

R bl N

FLIETIN

where s and s’ are the spins, while b(¥) and /3(!’) are the spontaneous

L g
't

L

bremsstrahlung energy loss amplitudes of the two particles. For any ® they

differ only by their independent random phases. Here psi designates the field

v

,—-
4 .o.

operators of argument x, y, etc, = u -vt, and u is in general different for each of
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the arguments mentioned, while t is considered the same for all. uis the
coordinate along the scattered beam, and v = du/dt is the velocity of the particles
in the scattered beam.

The operator of the pair - correlation is

e 7, Wi Uleg Ve, ez

This corresponds to a density autocorrelation function. Using the well known

anticommutation relations

¥
%(‘) \,‘.(,) + \Ho(’) ‘k‘.(g) . 8 (;.,) 8“0’ (2.3)

TERES SN Y Y Y S e e AR N A N S« 8 A e TR AT

as well as the corresponding homogeneous relations for operators of the same

kind, we obtain:

e e e i e — ——

<831 155> = <O € Ters g iodin
10> = [~8ty'- xS (€ -xe)+ 8- X8 1m-x ] [Ben-xuB(6-xy-

8(€-x.)8(n-x.)], ' (2.4)
<531 6,183, >= <ot Yo €I Vo e g
‘&"")’ fo> »Bin-xa)Bi&x) Bin-x, Bi&-xy, (2.5)

<531015,> = <oy ey, € WY o YW € o>

=5 (€ x) Stn-%)8(E-x) 8(7)-x), (2.6)

We also obtain three similar expectation values with all spins reversed.

The spin - averaged pair correlation function is then

As ("4)§s, < Syl eﬂ+eﬂ+e&f" eul Su. 2.2

Substituting the calculated expectation values, we obtain
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A% = 12 + T Ibael [ 2- cosmuxx,]

2.3)
3 2
+Zlboallb e [ 14/2)cos(w-*¢') (x,-x,)],

. which vields the fractional spectral density —_——— e

2aA _ 2aA

- ]
Sn . S) . 21b (v)l

¢
__ g 2|bw)| =
et gn 1443 [be)|f +2 2 IblsaBlb(ve)l®

(2.9

T-eA § l-aA

e o

which is in agreement with our previous results, and also includes a 180 phase
shift due to the exclusion principle which is important only at short distances

between the particles. In the final form we have transformed to the frequency .

FTeTST N NN W ¥V ¥V ¥ Ve
3

N
L%
2.2. CASE OF THE BOSONS f‘::':i'
, Qe
. D)
. S e
i In this case we replace all anticommutators with commutators and obtain E "
—_ € - T 3 0 -.'.-‘.}\-
5 A, %) = 2+2F Ibeal [1+coseerx,-x)] +.Z Zlbwe|" [boe ] [1+costse- 2€hix,- % |, En
- E
. \._'.,‘.
> Sn 3 N
" —_— Sj = lb("’l s QA (2.10) s
i i)t ()t e’ Pl
;. Here at short distances we notice an increase of A. :j'j'.'i
v '.:"n:' )
: Both results generalize our previous results to the case of short distances. :::if‘
i BAOA
r'r 2
:- IIlI. EFFECT OF A FINITE MEAN FREE PATH e,
. (l"._';.g*
‘ LY
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E Here we calculate the radiation from a large number N of very frequent ;::.:
¢ . . el
! scattering events and compare with what we would expect from a single isolated ,
F
A scattering of the current carrier. First we review the derivation of the power
]
. _ . >
: radiated in a collision with acceleration v of the carrier of charge e:
i >_ 47 ———— | o
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N
4 v
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""8 - .‘::-::l‘
- ' '\t":
; For one collision we separate a random part of zero average A‘v’f and an average :::.;‘;:
) o o
" part proportional with the previous velocity, in the total velocity change: -
- RSN
ond NG
vV «3(t)(Av Dot (E'G)M--.ZV - ¥Y¥ (Dt oty) O<Y<i, :E-"Z';E
fotally random ::E:;E::
- The total energy emitted by one particle is : .
DEN)
o 20" P @ 2wty ? . t "‘E\f-
W=[Pdt=22 [4y (g fe* ™"t + (i), fer 0 are .. ] Fooas
3c? tot ot R Halle
- - -m -w .\J‘-’
[y
Neglecting the short times between collisions, we obtain in the low f limit o :
F -1 N
W= 2‘ fdc jpf Tdf' et :
-CD -0 -@O <
,l AV-YV 4+ AN -Y [A,v +U-yW] + A‘v-y{gf(l-f)[A.u(l-y)v] } G

L
+A.v-7{A,v+(l’y)(A,v+(l-7) v)}"' I for -0 ,

Summing the geometric series repeatedly,

VL “'7'”“[' Vzmﬂv (17 Z 0y ||

W= 28 [gs
C.

2‘ dfl?[g (|_y)“] +4 v(l-y) +A‘§(l-7)"-+....+4.v[2
3c

_’
Finally, we average over the independent and randomAv values. Summing up

geometric semes again, we obtam for N going to 1n+1n1ty in the limit

W = 2‘ _[df{ [117] s 7 __’“l’_ }
I- (l)’)/ t
fdf{ a v) }
N—’m 3c? Y (2-y)

The e.l.f. emission of radiation from a large number of stansncally similar

v
» ‘»
.

>
[ o

random collisions of a current carrier is thus close to the emission from Jjust one

T ® 5 .‘
A
5%
5,

¢

y average collision or scattering process, as I had assumed before.

"
"- Y

.
'k'ﬂ

The corresponding quantum 1/f effect in the current carried just by this WY

carrier will therefore be T
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IV. 1/ NOISE STUDY OF n*-p HgCdTe PHOTODETECTORS

Infrared detector applications have led to increased interest in understanding and

controlling /¢ noise in n*-p junctions, as reflected in several recent studies! =6, These

studies have associated {/f noise with surface and bulk leakage currents. The leakage
currents causing 1/f noise have been identified as generation - recombination (GR)
currents when the gate voltage was optimized (V5=0), and tunneling currents otherwise,
The study by Radford and Jones has also noticed a lower fractional 1/f noise power in
double - epilayer junctions (4+4078) compared to ion - implanted dicdes (1075), and by one
or two orders of magnitude lower noise in 5i0, passivated diodes compared with InS
passivated junctions.

The present report presents the results of our experiments on {/f noise in n*-p
Hgy.,Cd, Te photodiodes and in other junction devices together with the application of the
quantum 1/f noise theory?~13, in order to gain both a better understanding of 1/ noise
and a tool for better controlling it. We will emphasize the comparison of theory and
experiment at every step.

We first address the problem of 1/ noise phenomenologically in Sec. 4.1 which also
explains our method of comparing experiment and theory, Sec. 4.2 presents some
predictions of the quantum 1/f noise theory, including both conventional quantum 1/f noise
and coherent states quantum §/¢ 'noise. Section 4.3 brings a comparison with the
experiment, and Sec. 4.4 presents some quantum 1/f noise contributions which are
important for n*-p diodes. Sec. 4.5 contains a concluding discussion of the {/f noise

problem in n*’-p Hg,_,Cd, Te photadiodes.

4.1, PHENOMENOLOGY OF 1/F NOISE

There are many forms of low frequency current noise observed in diodes and other

dunction devices. As forms whith are not of 1/ type we mention here: 1) Shot noise with a
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': white 2el spectrum for any current I; 2) GR noise with Lorentzian spectral density =
b components 4212/(4 + 4'ITzf2'ra) for each current I of carriers of lifetime 7; 3) Burst noise ':::.
;: - - with a spectrum and current dependence similar to GR noise with the time constant of the
%':E tontrolling trap(s) substituted forq; 4) Thermal relaxation fluctuations, also characterized
::f by a Lorentzian spectrum, with the thermal relaxation time substituted forg; 5) »
:,' Nonstationarity due to the relaxation of the material defects in time will yield a §2 }_E e
}' spectral component which may give a power law spectrum with an exponent below -2 in E‘E:E;
2.' combination with other noise processes, over a limited spectral interval. The first three ;;:'5-
_‘_': of these also have an associated quantum {/¢ noise contribution, as we shall see. T:
'E 1 these well known forms of low frequency noise are brought under control by ;':':E,
: straightforward technological improvements in the process of fabrication, the device will E:',:E:-:
- remain limited by 1/f noise which is alse cbserved in homogeneous samples. %.:-’-_'\' ;
;: In agreement with earlier observations, Hooge found in 1969 that in semiconductor ;:'_:
:'.: resistors the fractional 1/f noise power density S;(f)/ (D2 was inversely proportional to : ‘
; the number N of carriers in the sample. He could therefore write :'
2 S
X SyH/D2 =04 /N, . ;:::
Y AT
= where &, is an empirical factor, the Hooge parameter, that is defined by Eq. (4.1). For long :: Y_;:
i : samples Hooge found & = 2x1073, for short devices we found that @y can be much smaller, 'Ef.
- We come back to this in a moment. :E::-‘
: If Vis the applied voltage, g the conductance of the sample and L the device length, we \
", have ?\
s P
4 I=gV=guNv/L2 4.2) °
_ " so that I can fluctuate iflu. or N, or both fluctuate. Hence

o s/ 2 = Sa/N(f)/(/4N)2. wheregfiN)= N?&/,«,w (4.3)
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1f we now write

A i

i

14 N
N7 50 that/;- = 4.8) I8!

=

where /J-i(t) is the mability of an individual carrier, we find

RLERAL oL
“I

L
v

.

Z

S, alH/ (N2 = Su(H/(N)2 + 8, (H/N(L)2 (4.5) ata
Sy A/ (pANE = Sy S /“ A P

Since S/'- £/ (}4})2 is independent of i and N, and varies as 1/, we equate it to oxy/f. Hence e
Iy '
) ' mobility fluctuation 1/f noise always yields the Hooge relation, whereas number L,

fluetuation noise yields a Hooge type form &;/(Nf) if and only if Sy(# is proportional to =

3
R

N. This is the case for MOSFETs but may not be true for other devices.

4.._
s A S ID>S
e e
s

v .
N
.
'
*
.
* L

K

In view of the above one would expect Eq. (4.1) to be true for semiconductor resistors,

)

T
.

-
«,
A
)

MOSFETs, JFETs with very low g-r noise and in junction devices in which the current flow

g
X;

2%

AN SN
r,
"I

g

i
Vi)
a5

is governed by diffusion. It is not valid for GaAs MESFETs and MODFETs because the

o0y b
Y&

i XA
-")ﬂ)

N Al W

noise is often governed by fluctuations of the trap occupancy in the space charge region

A Y
)

W'“W
St

and is not of the 1/f type.

s
AR
* o s 7

In most cases the carrier distribution is non-uniform. 4Obviously one must then replace

AN

[

Eq. (4.1 by

e

A
1

. ¥
l" ",'

P

SytxiF/12(x) = O /§N (X)X, (4.6)

f
AN,
3] :"n/'.‘ : .
. 'l.

4

1 LAY

vy
)
LM

for any section Ax; here Nix) is the carrigr density per ynit length, and o(His independent

[
“y
t

of x. Calculating the current noise §;(f) contributed to the external circuit by a section dx,

o
o, ey
[
o
' %

'

XY
o ¢
s s

summing over all sections Ax and expressing it in terms of the external current I one may

[

!?’{'.

obtain

1a

.
s

ol

Syth) = 12/ Ny gy (4.62)
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in many cases; here Ng¢ is an effective number of carriers. If Ng¢4 is independent of the

,,

4

&
>

current I, Sy(f) varies as 12; i¢ Ng¢¢ is proportional to I as is, e.g. the case for injection
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processes, Sy(f) varies as I. Equation (4.6a) is not valid for MOSFETs and JFETs, because
of the nonlinearity of the device, but in many junction {/f noise mechanisms (4.6a) holds
and Ng¢¢ is proportional to I.

In general we use Eq..(4.6) to calculate the expected noise power spectrum as the
unknown Hooge parameter times a known function of current, frequency, temperature and
other device parameters. Measuring Sy(f) we then determine an experimental value of the
Hooge parameterxy. Finally we compare this result with the theoretical value of the
Hooge parameter derived from the theory of the quantum 1/¢ effect. This method is
preferable because it allows us to recognize cases in which the dominant quantum 1/¢ noise
contribution does not come from mobility fluctuations, but from fluctuations of the surface
or bulk recombination rates, or of the injection or trapping rates. Such cases are treated
by us with a similar method as the one based on Eq. (4.6); with, e.g. the fluctuations of the
recombination cross sections replacing the scattering cross sections reflected in the
mobility fluctuations.

We must now start from Eq. (4.6) and calculate Sp(f). This yields for MOSFETs and

JFETs
Spgth =& yqulyVy/ L2 (4.7)

below saturation. Here Vg4is the drain voltage, I4 the drain current, the carrier mobility
in the cannel and L the channel length. Since all parameters are easily measurable, the
observed values of S1q(f yieldQy with dn accufacy of 20%.

For n*-p-n transistors the collector 1/¢ noise is found to be
S1ctf =y 1.@D/$Wp5) In LN(0)/P(W,)] 4.8)
due to electron injection into the base region, and

Stpt) = Xyyolp @D/ #W,2) In [PO)/P(W,)] 4.9
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for the base {/f noise due to hole injection into the emitter. Here wb and w, are the base

and emitter lengfhs. respectively, N(0) and N(W},) the electron concentrations per unit

length at the end points of the base, etc. Since InIN(0)/N(Wp,)] and In[P(0)/P(Wg)] are slow

]

LA AR

L

- functions of bias, S;.(f) and Sy, (f) should vary approximately as I. and I,. Since the

he Y ;c

S
.’"f"l:.f ",
o,

emitter is very heavily doped, Dp is inaccurately known and InIN(0)/N(W)] and

': E..
"
KA,

In[P(0)/P{Wy)] are inaccurately known, so that the values ofdl H Obtained from the data may

o

o
L4

‘-t-)'
n a R

‘¢

be off by a factor 3-5 on either side especially for Sy, (f).

r."
At
P

Equations (4.8) and (4.9) also hold for short diodes [W<<(DT)/23, but Wy, and W, must

P
s.d,

be replaced by the length W of the diffusion region. For long diodes tw>>(owl/23 we

obtainié Eﬁ:
§1h = Kyl iR (§)/42= & liq/3E, 4.10) - Yoas:
with

F§)=1/3 - 1728 + 1742 -(qu/kT)3; Y= exp@QV/KT) - 1, (4.400)

where 7Tis the minority carrier lifetime in the diffusion region and V the applied bias. The f.",\
. -’:- I.‘

last form of Eq. (4.10) is a useful approximation valid for the frequently encountered case :::'-_.:‘
o .r\‘

"

A )

qQV/KT >> 1. Often ¢ is inaccurately known, so that the value ofa’yy evaluated from the

'.."." 'v;!.' .

data with the help of (4.10) may be off by a factor 5 either way. More accurate values of 2 ASAX

S .

are urgently needed. :\

. . . .,:._.:_
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4.2. QUANTUM {/F NOISE THEORY

AN Bl
. " . -'. i _'-

v
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For large devices (L > 1000 /ameter) I have introduced the concept of coherent state o

quantum /¢ noise! 1712, In that case the Hooge parameter &, may be written N

H = ®eon = 24 = 4.6x1073, (@11
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Q2 B,
. where 1 =1/(137) is the fine structure constant. This is of the same order of magnitude as ::"",s‘,‘_
[ N 4

. N
3 the empirical valueoy = 2x10”3 that Hooge found for long devices. It is therefore ;-‘;1‘5
I\J."I
proposed that Hooge’s empirical value fora(y is due to coherent state quantum 1/¢ noise, o
N
- w0 that it has a very fundamental origin. Coherent quantum 1/¢ noise will be discussed in :«-.;.-:
] - o
h detail in Sec. V. v;\j:
P
K For small devices (L < loo/umeter) 1 have proposed incoherent 7-10, 13-15 quantum {/¢ C;.‘_i.;
: AN
:- noise. In that casea yy may be written ,,::_'},
- LSRN
= = = 2 1te2 —ata
oL 4 = Fincon = 49730 LAV /()] 4.12) -
NN
: N N
‘j where Av is the change in the velocity of the carriers in the interaction process SR
considered. This expression holds for any {/f noise source describable by fluctuating ,{: s)
2 AERL
: cross~sections. Since usually Bv2re?) «« 1y except for carriers with a very small effective &\ ,ﬂﬁ
& .r:".':")
t mass, we now havefXH << 3.0x1073. This may explain the low values o{dH (in the range of ":j
A3 >
-
“H = 10'5- 10'9) for very small devices. In between one can introduce a parameter S = LR

> Pt
"y #(L/L ) where Lgis a characteristic length and write!2 =‘.—3:r:.
<, :.-:.h'{
3 !
3 K= “H’incoh“’“*sn + () op [5/(148)] (4.13) :' oy

3 h‘k-'.
o with §>®for L/Lg >> 1 and >0 for L << L. According to this rough approximationiz. Lo L:—?
- RN
: =100 /.Lmeter for samples with a concentration ¢ of carriers of 1016cm-3 and varies ::_ :-:}
D "":f\“
N - proportional to ¢~ 1/2, This describes the transition from Eq. (4.11) to Eq. (4.12) when one -.'-,_:-:‘
. . ':‘_ Ll
K goes to devices with smaller and smaller lengths. ““4
:: For carriers with a Maxwellian velocity distribution we have in the elastic collision :Zl::::
J NN
:} approximation '\ )
uh.\.
— "y
Av2 = 272 = 6KT/m* 4.18) o
v s
N e :-:-
: Substituting into Eq. (4.12) one obtains values forX H that are afactor 30 - 1000 smaller \-..
St e
- than what is found experimentally. A more accurate calculationt4 of the normal phonon 7—,—1‘
N A
: I.'::':
> e
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4 interaction processes gives values that are only a factor 3 larger than Eg. (4.12). Normal

'c'$ ey
vaay

P A A
ARARASK

p scattering, or non - Umklapp electron - phonon collision processes can therefore not

- explain these data.
' In the UmKlapp quantum 1/¢ noise pr‘c:cess‘7 the carrier can transfer a momentum h/a to

or from the lattice, where a is the lattice constant and h is Planck’s constant. 1f the

corresponding velocity change of the carriers is Z-\/’. we have "',:'.é

N

3 AN

- mAv=h/a; @v/o? = (h/m*ac?, (4.45) SN

N R SSRY

Caas

_d

[ so that AR

08 e ]

4

PN 2

. Ky = %Gy, = @/ Ch/m*ac?, (4.45a) ey

: ACA S

N

N When this is applied to low-noise Silicon n-channel JFETs and p-channel MOSFETSs, one Ej{ié
- VA

3 obtains values that are about a factor 3 too large, whereas the accuracy of the -'\-;\:E&

)
-~

measurements is 20-30%. The reason is that we have forgotten to multiply (4.15a) by the

oy E
Lk

probability exp(-BD/2T). whereGD is the Debye temperature, that the interaction process

o NN S
ORI
|$.

S

.'_\:_ﬂ

‘ is of the Umklapp type. Hence a better approximation should be SN

J NS

" pga

gy =Xy, = (40737 h/m*acI2exp(-gy/2T) (4.15b) P

- A

7 LA

) . . RGN

# This agreed with measurements!8 on n-channel JFETs and p-channel MOSFETs within the :})“3{-.

: : N

A experimental accuracy of 20-30%. In the case of n-channel JFETS the measurements were ;f.,"

. - e ‘

done in the 250-400 K temperature range and the temperature dependence exp(~9D/2T) of i""'d

. \.: - :
= °‘H was verified!? within 10%. We see from Eq. (4.15b) that ‘XH decreases rapidly for ‘;:
K, \'

Y 2T 55 4, O,

4 %‘ “’b.-ﬂ

At this point we provide a brief physical explanation of the quantum 1/ effect. -.;;.!

LA

‘: Consider, for example)Coulomb scattering of charged particles by a fixed charge. The ;:'-:I':'.,

c'_'l' >,

j outgoing (scattered) Schroedinger field monitored by a detector at an angle ¢ from the r:‘a

AN

direction of the incoming beam contains a main non - bremsstrahlung part and various H
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/ contributions which lost small amounts of energy € = hf due to the emission of a
' .
3 bremsstrahlung photon of arbitrarily low low freguency f, and therefore have a DeBroglie
Q L]
frequency lowered exactly by . The expression of the outgoing scattered current density
o
5"; is quadratic in the outgoing Schroedinger field and will contain a major non -
y
‘.: bremsstrahlung part, a small bremsstahlung part, and two cross terms proportional to both
R
the non - bremsstrahlung and the bremsstrahlung parts of the scattered charged particles
\l
o wave function. These cross terms oscillate with the beat frequency f. Photons are
.
- emitted at any frequency, and therefore the cross terms will contain any frequency f with
an amplitude proportional to the bremsstrahlung scattering amplitude. The fluctuating e
. r__l,j#
:: cross terms will be registered at the detector as 1/f noise in the scattering cross section, PRy
~ e e
“° f._-:._!
:j For an elementary derivation of the quantum 1/f effect we start with the classical :_\}:-
" [d 'f N,
3 - .&
(Larmor) formula for the power 2q2v2/3c2 radiated by an accelerated charge. The sudden £
:-; acceleration V= EVJ(t) suffered by the charged particle during scattering has a constant
-:"' . I —> . ) )
\ j Fourier transform V4 = 4v, where av is the velocity change during the scattering process .
~ and &t) the delta function of Dirac. Therefore the spectral density 4q2\vflzl 3c3 of the ,f':-‘*t""‘
AN,
2 radiated energy can be written in the form 4q2(5T/)2/ 3c3 and does not depend on 4. Dividing .
AN RO
Yo by the energy hf of a photon, we get the number spectrum 4q2(3)2/3c3hf of the radiated .-'.::r.l
< gt
photons, where h is Planck’s constant. Since the amplitude of each of the two cross terms 'r'» *
ESEY
be” is proportional to the amplitude of the bremsstrahlung part of the scattered particles :'f.:,:
12 ..‘ -'\
[ "o . A -._‘Q'
1 . wave function, the fractional spectrum of the observed 1/¢ noise is twice the number :':'-"'::
y [y -r";: -
: spectrum of the emitted photons per scaftered charge cirrier: v
. R
. 172514 = 8q2Wv12/3cPnf = /f (4.16) PO
% ey
3 @

=

With the definition &« = Zx qz/hc of the fine structure constant this is identical with Eq.

o2

_} (4.12), and this completes our elementary derivation of the conventional (incoherent)

- quantum {/f effect.
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‘All scattering cross sections and process rates defined for the current carriers must
fluctuate with a f'ractional spectral density given by Eq. (4.16), Applied to scattering
cross sections, this means that the collision frequency, the mean time between collisions,
and the mobility of each carrier independently, must all fluctuate with the same fractional
spectrum. This allows us to apply the derivation of the 1/N factor for mobility
fluctuations, presented in Egs. (4.2)-(4.5), The Hooge sormula20 jg thus derived from first
principles as a quantum 1/f result with& H given by Eq. (4.12). All 1/f noise formulae
derived on the basis of the Hooge formula can therefore be taken over as quantum 1/¢
results with the appropriate quantum 1/ Hooge parameter, but they will provide only the
guantum 1/f contributions from the scattering cross sections. Therefore they will not
describe the experimental results properly in general, until we add the complementary
contributions from quantum 1/f fluctuations of the surface and bulk recombination cross
sections, from quantum i/f fluctuations in tunneling rates, or possible injection -
extraction contributions from the velocity changes AV in transitions of the carriers in
dunctions and at contacts. Some of these complementary contributions turn out to be
similar to results of earlier calculations based on the McWhorter! and North-Fonger22
models, in which the correct quantum {/f expression of recombination rate fluctuations are
replacing the rate fluctuations postulated by McWhorter and North. McWhorter had
considered transitions to and from traps in the surface oxide layer and North thermal
fuctuations of the surface potential as the final cause of {1/ noise. Other quantum i/
contributions, finally do not even bear a tormal resemblance to earlier calculations. We
conclude that the quantum 1/f spproch provides both a foundation and a properly weighted
synthesis of earlier calculations, as well as additional contributions. In the same time the
quantum 1/¢ approach eliminates all free parameters or fudge factors, leaving only the
fine structure constant as a common factor of all electromagnetic quantum 1/¢

contributions. Unfortunately not all quantum 1/f noise contributions have been worked out
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in ‘sufficient detail so far, as will be seernn Sec.l/.é. due to limitations in time and

{

~

\Q !
1

secretarial services.
" 4.3. EXPERIMENTAL VERIFICATION

For the best n-channel MOSFETS “H)exp was a factor 50 larger than (dH)theory'
indicating that the quantum i/f noise is here masked by another noise source, which is
probably surface {/¢ noise caused by traps in the oxide. Apparently the p-channel
MOSFETs have lower oxide trap densities, whereas({ Hy 1S about one order of magnitude

larger; as a consequence the quantum limit (2,15b) can be reached in the best units.

For a device length L comparable to or smaller than the free path lengt%or Umklapp

s & W &5 TN e W §F § F F OIS se= s 5= 8 -

processes, Xy , must be multiplied by a factor g(L/A), where g(L/V) =] for L/A >> 1 and
g(L/A)x 0 for L/A << 1 (ballistic limit). The same is true for normal collisions, but with a
differentA . The function g(L/A) has still to be evaluated.

In the 1/f noise of the base current I, of transistors Eq. (4.9) indicates that 8y should
vary practically linearly with Iy. This was ver‘i\‘ied23 for GE82-185 silicon p+-n-p
transistors, and the value of &y agreed roughly with Eq. (2.15b). In NEC 57807 Silicon
n"-p-n microwave transistors Sl(f) varied as I; » with 22 = 1.5 at larger currents and
somewhat smaller at lower currents. Hence the parameter Q‘H could not be properly
defined. The quantum i/ noise effect in the mobility seems here to be masked by (most

- likely also quantum 1/¢ type) fluctuations in the surface recombination velocity s at the
surface of the emitter-base space charge‘ region. Zhuza‘;‘gave 'ﬂ;«l)exp < LIx1077, but this
estimated value of&  could be 10 times larger due to an inaccurate estimate of Dp. so that
(“H)exp and (“H)theory = 4x10~7 are now comparable.

The {/f noise in the collector current I, of silicon transistors, both of the n*-p-n

variety and of the p*-n-p type, is extremely small, It is estimated thato H 1% atleasta

> & B P F T FIWE . S5 A A 5 LA BT T T F A S.T. TSR AEAETS SESS EBEES Rl B T B BB - .-

factor 100 smaller than the value deduced from Eq. (4.15b). Apparently the UmKlapp {/¢

noise is here absent. The NEC 57807 n+-p-n microwave transistor had a base width of

-
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0.3'.}umeter s0 that it could be operating near the ballistic limit. For the GE82-135 the
base width was i.65/meter~ and hence it should be operating in the collision mode. This
. absence of UmKlapp {/f noise is caused by the manufacturing of the devices on 100 crystal

surfaces which avoids the Umklapp processes through the Umklapp - unfavorable position

of e energy minina of silicoy for this particular orientation. Swe coledZh e sfornd W“Zé 4y
We have obtained some preliminary data?? on n+-p Hgy_,Cd, Te diodes with x = 0.30.,

The diodes were made on an epitaxial layer io/ameter thick, the emitter contact was

150x150/(meter. the length of the p-region was about 2 mm and the geometry was very far

from rectangular. For a rectangular approximation the effective volume Vg, of the

p-region would be 10~3x1.5x1072x0.2cm3 = 3x1076 cm?, but for the actual geometry Vass

could be larger or smaller. The error could be a factor 5 in any direction.
At 300 K and forward bias it was found that Sl(f)/l2 was constant, as expected for the

1/4 noise of the series resistance R  of the p-region. Since for x = 0.30 the material is

nearly extrinsic and &, >>0(p. this noise comes from electrons; hence Eq. (4.1) may be

written .

S
. N,
Sl(f)/l =qH/fN = “H/fnovefp (4.18) "\'.\."-'
’:\':_-.:;\‘;
N
where n_ is the electron concentration in the p-region. Evaluating n, and estimating V !’i-" .
o (o] eff RO
SN

as shown, Wu and van der 'Zielz“ found X, = 1.7x1072. This is a factor 3.5 larger than -j':-}_:-'\'::
'.:.-'_:. JOON
LT

Handel’s value of 4.6x 10'3 found' for coherent state quantum {/f noise, but the possible

.

¢
,

i

error may be a factor 5 in any direction,

At 300 K and lower temperataures it was found that S;(f)/ill was about constant for not
too small bacK bias. This meant that Eq. (4.10) might be applicable. The difficulty was
that the life time ¥ n Of the carriers was poorly known. The relative shape of the (D
versus T curves is Known;‘tn should have a maximum at intermediate temperatures and
drop off appreciably at lower and at higher temperatures“. Wu and van der Ziel?4

therefore took T,(300) = 1.0x107® sec, 2,193) = 5x10~8 sec angTn77) = 0.5%1078 sec. This

. o)
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yielded @, o = 2x10™4, whereas ) theory = 4x1075,according to Eq. (4.15b) and @A) eoh

)thebry and &) . closer to the
! - sormer. Keeentd ,‘,,,Z,-,,ye,,( z va lues from £d duanp tolance measuremenls
‘ ree

‘ve detter entmrZh Zhe Larrsy (Wi sud vouy ey Biel)

How should this be interpreted? In view of the fact that Umklapp 1/f noise seemed to

I = 4,6x10"3, This means that (dH)exp lies between (x|

i be absent in the collector i/¢ noise of bipolar transistors, and that this noise, if present,
; would have been generated in the base region, we cannot be sure that UmKklapp {/f noise is
generated in the p-region of long n"-p diodes. The safest conclusion that can be taken

from the fact that (o(H)exp = 1°(°(H)theory is that the presence of UmKlapp 1/f noise in

Hg,_,Cd, Te has not been demonstrated, nor has the absence of Umklapp 1/f noise been

: R

' proved. \.:

' N

’ A somewhat more optimistic conclusion cannot be completely ruled out, however. In ‘,g‘.\f:

long n+~-p diodes one has to split the p-region into a diode part and a series resistance k" iy
part. The boundary lies about 1-2 diffusion lengths from the junction, so that the diode -

. part of the p-region may be a few hundred meter long. This might bring the generated ; :;

! noise about halfway between coherent state 1/ noise and the UmKlapp {/f noise. :':C",\

, -.:.\ P

: 1/¢ noise in n"-p Hg;.,Cd, Te occurs in many forms and each form should be tested. If ::\.:1:
\:_\. -~

i a Hooge parameterdH can be defined from the measured data, one can investigate whether :::-‘::‘
&

. or not the measured value of Xy agrees with the theoretical value, lies above it, or lies NN

below it. If a Hooge parameter cannot be defined one can still measure spectra at various B

. currents, compare with theoretical spectra and see whether the quantum 1/¢ noise is

E masked or is absent.

. 4.4, REVIEW OF QUANTUM 1/ NOISE SOURCES APPLICABLE TO n*-p DIODES

!

, The various quantum {/¢ noise sources suggested by the author, which we will consider

. here, have in common that they can be described by Eq. (4.12) but with a 3/2 value

. described by an “energy" E = qV 44

]

; (2¥)/c% = 2e/mac? = 2qu“/m*c2 (447 REASA
B
A
N
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Examples:

(a) Recombination quantum 1/f noise in the bulk space charge regionéz
i 8ith = quIIg,J [tanh(qV/2kT) 1/ (7 + Ipo); (4.18)
'i Ry = @t/ AN2Q(Vg54~VI+IKT Hm 1 24 m 001723272,

; wehre 1o, = gAWn;( eQV/2KT _ 1)/(1;0+‘§”) is the recombination current 7, and T, the
Shockley-Hall-Read lifetimes, V the applied voltage and Vgi¢ the diffusion potential of

the junction. Introducing an "effective carier number” Ne¢s =

o+ ¥ ¥ FAm——-

Ilg,.l(’tn°+tp°)/qttanh(qV/2kT)J. Eq. (4.18) may be written in the form of Eq. (4.6a) Z«.
;\::-.
; o 2 '::."::
) SI(f) = ngr /‘Neff' (4,18a) : -
: (b) Quantum 1/¢ noise in the surface recombination current of n*-p diodes. This effect ;z.'_:;:j
: B
- is caused by quantum 1/f fluctuations of the surface recombination cross sections. The e ‘_f:-
e
calculation is similar to the previous (bulk) case, but the GR process is localized at the _(_c
oy
surface, and the additional electric field arising from the potential jump 2U at the ‘}_ﬁ: N
L

interface between the bulk and the oxide and passivation layers will lead to increased
velocity changes of the carriers in the recombination process and to larger Ay values,
Including also the quantum 1/ mobility fluctuation noise of the spreading resistance
caused by the concentration of generation and recombination currents at the intersection

of the depletion region with the surface o the diode, we obtain a current noise

contribution

Si(f) = oL'qul’g,.lEtanh(qV/ZkT)]/f(t’nD + )

f'pu
+ 5(“(1'9,.)2 AP In(A /W), (4.19)

K'H = B/ 3DI2GNV g+ U-VIBKT Him HE 2em 13 /2y 72672,
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Here the primed quantities refer to the surface, i.e. we have introduced the surface GR

current I'gr' the lifetimes in the vicinity of the surface and the X'y parameter for surface

- recombination. P is te perimeter, A the area and W -the width of the junction. The

quantum 1/ mobility fluctuation part is expressed in terms of the global o;‘ parameter
which includes all types of scattering weighed with the appropriate mobility ratio factors.
Introducing again an "effective carier number” N'g ¢ = II’g,.I(1:'n°+-;'p°)/q[tanh(qV/Zk‘I‘)].

the first term of Eq. {4.19) may be also be written in the form of Eq. (4.6a)

SNURTUN T T (4.19a)

Due both to the surface potential jump 2U and the 1/ noise of the spreading resistance,
the surface recombination current will be noisier than an equal bulk recombination current,
and this is in agreement with the experimental data.

{c) Injection - extraction quantum {/f noiseé. due to injection or extraction of carriers

across barriers. In this case, for not too small currents

SI“) =°(Hn|IIQ/f'r;

ok = (40/3MI2G(Vyy ~VI+3KTI/m_*cZ, (4.20)

where I is the injected current, andT is the time of passage of a carrier through the
barrier region. Introducing again an effective carrier number Ngss = izra) Eq. (4.20) may

be written in the more general form (4.6a), valid also for very small ]

[

Syih) = Xy 12/4N (4.20a)

Note that in each case Ngg¢s» as long as it is larger than 1, is proportional to I (otherwise
Ng¢s = 1) see below), and that™y; depends on bias.
(d) Recombination in the p region of a long n*-p diode of length w »> (Dn'In)l/z. Here,

for not too small bias

Sy = Rpilla/37;, = QI2/ N (4.21)
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Negs = 3INIT /q, oy = (40/3DL3KT/m *c?], 4.21a)

~ since (av)? = 26/m and E = 3KT/2. In this case(ty is very small. At small bias {(qV<KT) the
factor q/3 must be replaced by gF () with F given by Eg. (4.10a).

(e) Quantum 1{/f noise in the tunneling rate. Tunneling is observed in n*-p dioodes with
sufficient gate bias?. If we assume that the momentum change of the carriers in the
tunneling process is of the order of the thermal r.m.s. momentum, we cbtain a minimal

quantum {/f noise power spectrum
Sh =12/ N g Nogg = 11T/, (4.22)
o, = 4o/ 3IMLIKT/m *c?),

where 7 is the time of passage through the barrier, or tunneling, i.e. the time during which
each carrier contributes to the current through the barrier. Since the width of the barrier
crossed by tumneling is small, this time is very short, of the order of 10-14s, Nggs will
then became larger than 1 at currents exceeding 10'5A, leading to a linear current
dependence of the noise power. At lower bias Ny, must be set equal to unity in Eq. (4.22).
and this gives a quadratic current dependence.

¢f) Umidapp 1/f noise in a long n+-p diode. This can be put in the same form as in the

previous case

Sy(#) = MyIliQF )/ 4T, = BUI2/#Ng e Nogy = 11IZ/QF (D), (4.23)
but now O‘H is given by (4.15b) and is much larger than in the previous case. The function
F(¥) is given by Eq. (4.10a). This contribution, together with the normal (non ~ UmKlapp)
phonon scattering, intervalley scattering, impurity scattering and optical phonon
scattering contributions, determines the quantum 1/f mobility fluctuation Hooge parameter

7‘. However, not all of these contributions are important, in general, in a given

semiconductor,
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' The following are two cases in which a satisfactory quantum 1/f calculation has not

P {‘::‘;"i' " I"
N
A

v % 'y
.
1]

been performed yet. Both are rather noisy processes.

,.
l. .I
" ’A

(a’) Recombination at the surface of the base region in a Ge transistor. This process is

. * responsible for the base current I, and the base noise Sy (f). Since I, is proportional to

.:, the surface recombination velocity s, where s does not depend on position

N

. 11y =ds i Syh/,2 = S s, @.24)

) _. where ‘.3,5('9/52 should be independent of bias. Sy, (f) should thus be proportional to Ibz,

f ] and this agrees with the experiment. R
E (b") Recombination at the surface of the emitter space charge region. This can occur in -f’: N
3 silicon transistors, even if the base current is mainly due to injection of carriers into the ;:_E:’
emitter region, because the recombination process is a noisy process. Let the E: .
\ recombination occur mainly in a narrow area around x4 and let the potential at x4 change by \:;
; an amount V4 when bias is applied. Then, if py is the hole concentration at x4 for zero _ N

: bias, the hole concentration at x; with bias is pjexp {qV/kT). Hence the recombination E

. current 1. may be written ._

“ oy
» I. = QP explgVy /KT) Aggysi &1 = q pyexplqVy /KD Aewfs Y
: or

Sintf) = (Q pyAgsp)2exp(2qVy /KT) Sgth), (4.25)

where S.(f) is independent of bias and equal to (constant) /f. Since I = 1, exo (QV/KT),

M'»';‘- ‘e

Sypth = const. 12VI/Y 4, (4.26)

ol

For Vi = V/2, S{f) is proportional to I, for Vy = 0.75, as expected for p+-n-p

transistors, S;(f) is proportional to 11'5.

P

-

P
PRl St R

- o

P
.

q‘*
v - - - . - L S A S Y S P Attt tat .t R T N St e TwooTe Te LN gt )
6 e, ‘_-’.\"_\4\ T ’,.:.\,'._f._l\j._ ._-f._"..-’\-".\-‘._;_‘..‘_ e et T A AL T R RN et A T
L LA L R . A . L A o = = .




PG RS A L K L AN A o) A A R K  w A A R A A A LR NI U S T UV LN 57 F XY Xt KWW?\W\‘IYL:G‘}‘VI

s
<,
L

LA

7

|
|
{
>
:

{
N
O\
(
o
e r,
Wl

These are “classical” theories; they still have to be translated into the quantum
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. What happens to the equation )

3 Eoy

: S0

3 2 s

N Sith =L 1€/ #Ng ¢ (4.27) ?‘«v\ "

4 r LY ¢

iy

if Ng4¢<1? This might be the case for small devices at very small currents. The factor E‘i‘;i::

P,-J'\J:.

Ng4¢ in the denominator is caused by the incoherence of the single - carrier contributions ;:-f::",

f.'q:*-f'

\ when more than one carrier are testing a certain cross section or process rate RO

'———I

\ simultaneously. This, however, is not the case for Nog<1. Therefore Ny should be “-C:(ﬁ

A A

’ replaced by unity in that case in all formulae, so that ::t::tj
MLYAN

‘ i

: Syth = %1274 (4.28) L

; N
- . .'.‘_\' ~

.} in this limit. In cases in which Ng¢4 is proportional to I, 31(f) would be proportional to I at }-':":‘-:

N u"\-',\q"

o ! " L4

o high currents and to 12 at very low cureents in junctions. This is in agreement with ::-\E;j

i ‘?l'r,q

experimental observations by Radford and Jonesz, and by DeWames et al., but should be E:jc;-,f

turther investigated in each case in relation to the quantum {/4 noise coherence length and ::jlt.::'

NN

) the junction area dependence of the noise power in this limit, Indeed, the proportionality ::::';;'.:
[ a® e

Y t012 js usually predicted by the theory even for Ng¢s>1 because Ne¢¢ Stops being E:E:E

” NN

. proportional to I at low currents, and becomes constant. In such devices the limit Ng¢s<1 :ﬁ?_.’-:
>, . Nl
: can not be reached unless the size of the device (e.g. the junction area) is further reduced. :::‘:J":
bopoet

: 4.5. DISCUSSION -:1:?-:
% R
. AN
g The quantum 1/f noise formulae presented above have been applied by Radford and ﬁ-
- Jones? to 1/¢ noise in GR, diffusion and tunneling currents in both double epitaxial layer !;'S:
] A SR

. N . G

; andion implanted n*-p HgCdTe diodes. They obtained good agreement wih the experimental AN
Y.

2 data in general, but were a factor 20 below the measured values at positive gate bias, :‘::" ::
= 7

1 when an inversion layer formed at the surface. This discrepancy may be due both to the ""'_3
: v

\ .-“'.. -
) -'_ ‘_"
- .‘-_:\"._\
- Tadvd
s : ::\f\
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presence at positive gate bias of a noisy surface GR contribution (Eqgs. 4.19-19a), and to
kinetic energies of the tunneling carriers above the thermal level in the vicinity of the
inversion layer,

Another previously unexplained fact noted was the difference in the fractional noise
level of surface and bulk recombination currents. This is caused in Eqgs. (4.19-19a) both by
the surface potential jump 2U of the order of { Volt present at the interface betwen the
bulk and the oxide and passivation layers, and by the quantum 1/ mobility fluctuation (~w
noise in the spreading resistance which affects the passage of carriers to and fram the
perimeter of the junction. Furthermore, the higher noise level of ZnS - passivated diodes
may be caused by a larger surface recombination speed associated with these coatings
compared to 8i0; passivations, and by a larger effective value of U. The larger surface
recombination speed pulls more of the recombination current from the bulk to the surface
where it has higher fractional noise. The larger potential jump U increases the applicable
Hooge parameter acco~ding to Eq. (4.19). Finally, the larger fractional {/¢ noise levels of
ion implanted junctions is mainly caused by the 1-2 orders of magnitude lower carrier
lifetimes in Eqgs. (4.18-23), which yield {-2 orders of magnitude smaller Ng¢s values and
larger fractional noise power values by the same factor.

In.order to reduce the fractional noise level, the theory suggests the use of a surface
passivation which lowers the surface recombination speed and the surface potential jump.

The ideal "surface" would be a gradual increase of the gapwidth starting from the bulk

through compositional changes leading to a completely insulating stable surface outwards,
without the generation of surface recombination centers. In addition, the life time of the
carriers should be kept high, and abrupt or pinched regions in the junction should be
avoided. The reasonable choice of other junction parameters, including the steepness of
the junction and the geometry should yield lower injection - extraction and bulk

recombination noises by emphasizing the presence of the larger hole masses in the
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denominators ot the above expressions. Finally, coherent state {/¢ noise should
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be avoided in any case by optimizing the dimensions.

L

‘
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V. COHERENT STATES QUANTUM 1/¢ NOISE AND THE QUANTUM 1/¢ EFFECT

A physical, electrically charged, particle should be described in terms of coherent

& g
s

: states of the electromagnetic field, rather than in terms of an eigenstate of the :::: _;:::
Hamiltonian. This is the conclusion obtained from calculations2d (of the infrared radiative E??

LN

corrections to any process) performed both in Fock space (where the energy eigenstates o f‘

are taken as the basis, and the particle is considered to have a well defined energy) and in -_‘:}'Ej'}

the basis of coherent states. Indeed, all infrared divergences drop out already in the E:f’;:

talculation of the matrix element of the process considered, as it should be according to %’kﬁ\

E the postulates of quantum nechanics, whereas in the Fock space calculation they drop out ::\._
: only a posteriori, in the calculation of the corresponding cross section, or process rate. \,fd
N

From a more fundamental mathematical point of view, both the description of charged i-f\f:

.: particles in terms of coherent states of the field, and the undetermined energy, are the KNG

}
‘o

¥

consequence of the infinite range of the Coulomb potential2é, Both the amplitude and the

A}
)
»

phase of the physical particle’s electromagnetic field are well defined, but the energy, 1.e.

{ the number of photons associated with this field, is not well defined. The indefinite ~
Seete
1 energy is required by Heisenberg’s uncertainty relations, because the coherent states are ."_:

eigenstates of the annihilation operators, and these do not commute with the Hamiltomian.

A state which is not an eigenstate of the Hamiltonian is nonstationary. This means

that we should expect fluctuations in addition to the (Poissonian) shot noise to be present. - e
What kind of fluctuations are these? This : 5
, , . - [ e
question was answered in a previous paper4/, The additional fluctuations were identified ‘."&?ﬁ
Nt 'y
.N,,.:‘,'}:_.

l‘ -

there as 1/ noise with a spectral density of 24/4% arising from each electron
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independently, where o{= 1/137 is the fine structure constant.
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We will briefly derive this result again here, but we will stress the connection between

the coherent quantum 1/f noise and the usual quantum 1/f effect.
5.4, COHERENT QUANTUM 1/¢ NOISE

The coherent quantum 1/f noise will be derived again in three steps: first we consider
Jst a single mode of the electromagnetic field in a coherent state and calculate the
autocorrelation function of the fluctuations which arise from its nonstationarity. Then we
calculate the amplitude with which this mode is represented in the field of an electron.
Finally, we take the product of the autc.acor‘relaﬁon ful"\ctions calculated for all modes with
the amplitudes found in the previous step.

Let a mode of the electromagnetic field be characterized by the wave vector q, the
angular frequency (W= cq and the polarization€. Denoting the variables q and & simply by

q in the labels of the states, we write the coherent state29-27 of amplitude Iqu and phase

arg zg in the form

= - 2 +
Izq> expl (1/2)Iqu Jeo:;ptzqaq 110> (5.4)

= expl-(1/201zg121 Ty 2 M/nt In>,

Let us use a representation of the energy eigenstates in terms of Hermite polynomials

Hy(x)
In> = @"nti~1/2 expl-x2/21 H ) @1t (5.2)
This yields for the coherent state lzq> the representation

20
Yoo = expc-u/2)|zq|21expc-x2/21%ctzqewln/ Cn!2Wn 1/ 23H x)

= expl:-(i/Z)Iz‘:'IzJex;.ﬂl-lez]explﬁ-z"’e'ﬁ‘“‘t + 2xzeiWt] (5.3)
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In the last form the generating function of the Hermite polynomials was used?’, The

-l\
AL
5

LY

corresponding autocorrelation function of the probability density function, obtained by

averaging over the time t or the phase of g is, for Iqu(i.

= 21¥12
P = QY12 'Y'uc)

= {1+ 8x2Iqu2[1 + cosaq - 2Iqu2}exp£-x2/21. (5.8)
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Integrating over x from<yto, we find the autocorrelation function
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s
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Alm= o124« 2!zq12cosw!$ (5.5)
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This result shows that the probability contains a constant background with small

LN
"‘- . .
5 2

superposed oscillations of frequencyw . Physically, the small oscillations in the total

‘.
o,

probability describe a particle which has been gmitted, or created, with a slightly

Sl A
£
.'~J o,

CA
&

oscillating rate, and which is more likely to be found in a measurement at a certain time

oy
x4
&

¥

oo,

(s
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than at other times in the same place. Note that for g = 0 the coherent state beccmes the

a

ground state of the oscillator which is also an energy eigenstate, and therefore stationary

Py " =
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and free of oscillations.
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We now determine the amplitude 2q with wich the field mode q is represented in the
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physical electron. One way to do this?’ is to let a bare particle dress itself through its

!
i

'I.'I
[ "X

X4
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interaction with the electromagnetic field, i.e. by performing first order perturbation

/
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theory with the interaction Hamiltonian
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where A is the vector potential and ‘P the scalar electric potential. Another way is to

+
[ X

Fourier expand the electric potential e/diiv of a charged particle in a box of volume V. In
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'.: Considering now all modes of the electromagnetic field, we obtain from the single -
"I
) mode result of Eq. (5.5)
" a® = cflct + 21z 2c0sm2) = €t + 2] iz Pcosuwn
i v 3x3)( 43 122 Y
¢ =
:: C{1 +2(Vv/2 )fd q Iqu cosur? (5.3)
o
Here we have again used the smallness of 25 and we have intoduced a constant C. Using
j Eg. (3.7) we obtain
L]
A\
N A®) = Ot + 2(V/2% )47 Vite2/2he) (da/gicos 3
"y = Ctt + 20/ coswadwry . 5.9 -
3 e
:v "- A
¢ Here K= e2/4Fhc is the fine structure constant 1/437. The first term in curly brackets is ;-::«' -
.“_A\_‘
- unity and represents the constant background, or the d.c. part. The autocorrelation [

~~
AN
§ function for the relative, or fractional density fluctuations, or for current density s \:"'-1
e
:2 fluctuations in the beam of charged particles,is ohtained therefore by dividing the second KRS
L a
term in curly brackets by the first term. The constant C drops out when the fractional :_.’
f J:\-:\J'
N fluctuations are considered. According to the Wiener-Khintchine theorem, the coefficient ',.::.:‘;1
[ & »
“~
by of coswcis the spectral density of the fluctuations, sz. orS I for the current density ';;-"'
3 N
T=e®@mmi2
- .
s (£) A2
% Sz S#_ Ly Al
* N> 4¢P
; k Here we have included the total number N of charged particles which are observed
ﬁ: symultaneously in the denominator, because the noise contributions from each paticle are
2,
\
f: independent. This result is related to the well known quantum {/¢ effect?8-33, 1 2 beam
»
; of charged particles is scattered, passes from one medium into another medium (e.g. at
> contacts), is emitted, or is involved in any kind of transitions, the amplitudes Zq which
"y
.‘n describe its field will change. Then, even if the initial state was prepared to have a
¢ well-determined energy, the final state will have an indefinite energy, with an uncertainty
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determined by the difference between the new and old 2q amplitudes, 4 2 This, however,
is st the bremsstrahlung amplitude Azq. We thus regain the familiar quantum 1/f effect,
according to which the small energy losses from bremsstahlung of infraguanta yield a final
state of indefinite energy, and therefore lead to fluctuations of the process rate, or cross
section, of the process in which the electrons have participated, and which has occasioned
the bremsstrahlung in the first place. The calculation of piezoelectric { /4 noise34 which
deals with phonons as infraquanta, was phrased in terms of the coherent field amplitudes

Zq for the first time, although it is concerned only with the usual quantum 1/ effect. It

hasof substituted by the piezoelectric coupling constant g.
3.2, CONNECTION WITH THE USUAL QUANTUM 1/¢ EFFECT

The assumptions included in the derivation of the above coherent quantum 1/¢ noise
result are :

{ - The "bare particle” does not have compensating energy fluctuations which could
cancel the fluctua tions present in the field. The latter are due to the interaction with
distant charges, and hawe nothing to do with the bare particle. Therefore, this assumption
1s quite reasonable.

2 - The experimental conditions do not alter the physical definition of the charged
particle as a bare particle dressed by a coherent state field. This second assumption
depends on the experimental conditions.

One way to understand this second assumption is based on the spatial extent of the
beam of particles or ot the physical sample containing charged particles, and is
specifically based on the number of particies per unit length of the sample. According to
this model, the coherent state 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 E,, per umt length, of
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the current carried by the sample. In very small samples or electronic devices, this

magnetic energy
Ep =f(32/sﬁ)d3x = CnevS/c3In(R/r) 5.11)

is much smaller than the total Kinetic energy Eyof the drift motion of the individual

carriers

Ex =2 mv2/2 = nSmvy/2 = Ep /s, 5.12)

- & o F & §F TS W wmmw W W W ASNss - v v § ¥ § T e

Here we have introduced the magnetic field B, the cargier concentration n, the cross

sectional area S and radius r of the sample, the radius R of the electric circuit, and the

"toherent ratio”

v '.'_"
.

[ 4

s= Em/k = 2n925/mc21n (R/r) = ZezN'/mcz. (5.13)

+ +TaERL
o 3 .-
2,

- v,

where N’ = nS is the number of carriers per unit length of the sample and the natural

-

logarithm In(R/r) has been approximated by one in the last form. We expect the observed

[

J'_\.

<,

spectral density of the mobility fluctuations to be given by a relation of the form
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(1733/“(4) = (1/1+s)L2cA/¥N] + (s/1+8)(2:¢ /77 N ] (5.14)
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which can be interpreted as an expression of the effective Hooge constant if the number N

&
x

of carriers in the thomogeneous) sample is brought to the numerator of the left hand side.

-'l
Il

Eq. (5.14) needs to be tested experimentally. In this equation A = 2(av/0)2/3F is the usual

[ :b\
O
, Y

nonrelativistic expression of the infrared exponent, present in the familiar form of the
quantum 1/¢ effect?833, This equation does not include the quantum /£ 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~%cm? of the sample whenn = 1016,
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For small samples with N‘<{N" only the first term survives, and for N’>>N" only the
second term remains in £q. (5.14). We hope that an expression similar to Eq. (5.14) will
allow us to extend the present good agreement between theory and experiment to the case

of large semiconductor samples35'33.

Vl. QUANTUM 1/ NOISE IN SQUIDS

Any cross section or process rate defined for elecrically charged particles must
fluctuate in time with a {/f spectral density according to quantum electrodynamics, as a
tonsequence of infrared - divergent codpling to law - ‘frequency photonsaq. This
fundamental effect discovered {0 years ago, leads to quantum'ilf roise observed in many
systems with a small number of carriers, and is also present in the cross sections and
process rates which determine the resistance and tunneling rate in Josephson junctions,
providing a lower limit of the observed i/f noise.

This Section gives a brief and physical explaination and deriviation of the quantum 1/¢
effect, followed by a discussion of the application to Josephson junctions and SQUIDs.

Consider a scattering experiment , e.g. Coulomb scattering of electrons on a fixed
charge and focus on the scattered current which reaches the detector. Part of the
Schroedinger field of this outgoing beam has lost energy hf due to bremsstrahlung in the
scattering process. This part interferes with the main, nonbremsstrahlung part yielding
beats at any frequency f in the outgoing DeBroglie waves. These beats are observed as
fluctuations of the scattered current and interpreted as cross section fluctuations.

The bremsstrahlung amplitude is Known to be (2a¢/37H)1/2, /¢, where v is the change in

the velocity vector of the particles during the scattering process, and ®is the fine
structure constant e2/fc = 1/137. The beat current is proportional to this amp: litude, and
the spectral density of the fractional current j (or cross sectiong’) fluctuations is

therefore
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which duplicates the number spectrum of the emitted photons. Here N 1s the number of the
particles which are simultaneously measuring the cross section.

In a Josephson wunction the normal resistance Rn of the barrier 1s propartiocnal to a
scattering cross section or transition rate experienced by the electron in qQuasiparticle

tunelling and by the Cocper pairs below the critical current I.. Therefore
Ry 2SRt = Ba/30) (vB/cENM = Ba/3 (vp2/cANP = 4:10714/4006.2)

where we have approximated ve with 2VF2’ VE being tI:ae Fermi velocity, and the number of
carriers N simultaneously present in the barrier of volume J2an /4.3) by 107. for barriers
wider than 10~ 7cm.

Assuming a linear relationship between the critical current I and G, = Rn'i. we abtain

similar to kogers and Buhrman®?

SyF) = (4/4) 1071 2(T/3K IR.(V)/ (R +R ) 12

URA2/12 =072 + govv 6.3)

where RJ(V) is the junction resistance, Rs the shunt resistance, and g(V)=Rn/RJ.

The noise caused in a SQUID by the source considered above can be obtained as the sum
of the noise contributions ¢rom the two junctions.

In addition to this noise present in each junction, SQUID'S may also allow us to see

coherent quantum {/4 noise
- i g. _ -3
1"sph =2 ”i- 8.6 1073 /N gpr (6.4)

where Neh- 1s an effective number of carriers which define the coherent current state 1n
the vicinity of the two Josephson junctions. This noise 1s caused by 'the coherent
character of the field of each current carrier, whcih leads to uncertainty in 1ts energy and

thereby generates an additional form of quantum 1/ noise in the current. In practice the
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current will fluctuate less, depending on the electric circuit which feeds the SQUID, but
the flux through the junction will fluctuate, thereby exhibiting a departure from a
perfectly coherent field state, i.e. 1/f amplitude and phase fluctuations.

The above quantum 1/f results of Egs.(4.2) and (6.3) are 1n good quantitative agreement
with the experimental data4°. but the application to SQUIDs of the coherent quantum {/f

result (6.4) needs further investigation before a meaningful comparison with the

experiment can be performed.
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