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"; Abstract
A
‘,::;'n’ As a first step of a more general study of {/f noise in semiconductor devices n"-p
1:: diodes have ben investigated with emphasis on HgCdTe photodetectors. Quantum 1/f noise
o has been calculated in the surface and bulk recombination currents, in the diffusion and
: field currents, and in the tunneling currents. Due to the large localized electric field at
the surface, a larger fractional quantum 1/f noise power is obtained for surface
::; recombination currents than for similar bulk recombination currents. All quantum 1/+
#j noise c;lmlations are first principles calculations with no free parameters, based on the
» quantum i/f effect in scattering and recombination cross sections, as well as in tunneling
,‘i‘ rates. Together, the quantum {/f mobility fluctuations, bulk and surface recombination
é. speed fluctuations and tunneling rate fluctuations can account for the ooserved 1/ noise
fﬁ!.' and can be used for optimizing small devices, as indicated by experiments at SBRC, Univ.
? of Minnesata and Florida. Some suggestions are given at the end of Sec. II. For devices
": larger than 10 microns coherent state quantum {/¢ noise becomes important, according to a
o new interpolation formula developed by the author in June - July 1985. The new
2 interpolation formula which bridges the gao between conventicnal (incoherent) quantum {/¢
§ noise and zonerent state quantum {/¢ noise is in general agreement with measurements 1n
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FUNDAMENTAL QUANTUM {/F NOISE IN ULTRASMALL SEMICONDUCTOR DE VICES AND
THEIR OPTIMAL DESIGN PRINCIPLES
Peter H. Handel

Department of Physics, Uriversity o+ Missour:, St. Lowis, MO 831214

FIRST RESEARCH PROGRESS AND FORECAST REPORT

AFOSR Grant No. 85 - 0130

Starting Date: Mav 1. 1935; Date of this Report: November 30, 1985

I. INTRODUCTION

Progress has been achieved during the first half year of this grant in three directions:
1) 1/% noise inn*-p HgCdTe photodetectors which will be reviewed in Sec, II; 2) Coherent
state guantum 1/f noise which will be reviewed in Sec. III; and 3) quantum {/¢ noise in
SQUIDs which will be cecnsidered in Sec. [V,

The results of {/4 noise calculations in n*-p HgCdTe diodes performed on the basis of
the guantum i/ noise theory are presented and compared with measurements at
temceratures of 77K, 193K and 300K. as well as with other exorimental data. Althougr the
calculations 2o not contain aduustable parameters, a very encouraging corresgondence
between theory and experiment is fcund, and a unified first principles description cf {/§
noise contributions from scatering, tunneling, or surface and bulk recombination cross
sections is cbtained.

Experiments on n*-p HgCdTe diodes cerformed at temoeratures between 77K anc 300K
indicate a linear dependence of the 1/f current noise power spectrum on dark current at
sufficiently large bias and a quadratic dependence at very low bias. The observed values
of *he Hocge parameter are compared with the predictions of the quantum !/¢ thecry in the
diffusion model and found to be between coherent and inccherent quantum 1/ ¢ values,
zicser tc the latter. The inclusicn of bulk ang surface guantum {/f recomtination rate
sluctuaticns imoroves the agreement with the quantum 1/+ theory ‘ar n"-p gioces.

An electrically charged particle includes the bare particle and :ts fieid. The ‘iela nas
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Teen snown 1N the 1ast Two Secacas Tt 24 in 3 Ionerert stata, which 1S NOt an 2igenstate of
the Hamiltoman. Conseguently, the chys:ical carticie :s nct cescribed Sy an energy
eigenstate, and is therefore not in @ staticrary state. In Sec. [II o+ <m:is report we sncw
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 {/f noise should be present along with the familiar quar;tum 1/¢ effect
of elementary cross sections and process rates introduced ten years ago, just as the
magnetic energy of a biased semiconductor sample coexists with the kinetic energy of the
individual, randomly moving, current carriers. The amplitude of the quantum {/f effect is
always the difference of the coherent quantum {/f 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 {/f noise.

In the last section of this repaort, Sec. IV, the fundamental quantum {/f fluctuations of
the cross sections and transition rates which determine the normal resistance are
evaluated for the case of a Josephson juncticn. Considering the velocity change in the
quantum {/+ formula equal to twice the Fermi velocity and the concentration of carriers in
the barrier 1017cm™3, a soectral density of fractional fluctuations in the normal
resistance of the barrier of 4 10"14/¢ is obtained for a unction with a volume of the
barrier of 10'12cm3. These fluctuations are inversely proportional to the barrier volume
and result in voltage fluctuations both directly and through the dependence of the critical

current on the normal resistence, in good agreement with the experimental data.

I1. 174 NOISR STUDY OF n*-p HgCdTe PHOTODETECTORS

Infrared detector applications have led 4o increased interest in understanding and
controiling 1/¢ noise in n*-p junctions, as reflected in several recent studies 6. These
studies have connected 1/ noise with surface and bulk leakage currents. The leakage
currents causing {/f noise have been identified as generation - recombination (GR)
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:_g The study by Radford and Jones nas alsc noticad a lower fractioral ¢/ noise cower in
.E .1-3 double - epilayer unrcticns (4 10-$) comcared to icn - implanted diogdes {107%), and oy ore
el
d or two orders of magnitude lower noise in Si0, sassivated diodes comoared with IrS
2:'\ passivated junctions.
“ : The oresent paocer reports the results of our experiments on {/f noise irx n*-o
“ " Hgi-xCdee photodiodes and in other junction devices together with the aoplication of the
~.:: guantum {/f noise thenry7'15. in order to gain both a better understanding of 1/¢ noise
", and a tool for better controlling it. We will emphasize the comoarison of theory and
e exoeriment at every step.

A

u,.-_i We first address the oroblem of 1/f noise phenomenologically in Sec. 2.1 which also
;ér ] explains our method of comparing experiment and theory. Sec. 2.2 presents some
_ predicticns of the quantum 1{/f noise theory, including both conventional quantum {/¢ noise
':\ and coherent states quantum {/f noise. Section 2.3 brings a comparison with the

\\ experiment, and Sec.24 presents some gquantum 1/ noise contributions which are imoortant
Pt for n*-p diodes. Sec. 2.5 contains a concluding discussion of the 1/f noise problem in n*-o
:q Hgy_,Cd, Te photodiodes.
Y
e
J 2.1. PHENOMENOLOGY OF {/F NOISE
: 20 There are many forms of low frequency current noise cbserved in diodes and ather

;,' 'C’ Jnction devices. As forms which are not of 1/ type we mention here: 1) Shot noise with a
::_j white 2el spectrum for any current [; 2) GR noise with Lorentzian spectral density

E: components 4$12/(1 + 4%'422)) 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
X . controlling trap(s) substituted for T; 4) Thermal relaxation fluctuations, aiso characterized
'_\- by a Lorentzian spectrum, with the thermal relaxation time substituted for; 5)
~".Z' Nonstationarity due to the relaxation of the material defects in time will yield a §2
;: spectral compenent which may give a power law.u spectrum with an exoonent below -2 1n
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% combination with other noise processes, over a limited spectral interval. The first three
_’v._ ;A of these also have an associated cuantum {/f noise contribution, as we shall see.

5;;:: If these well known forms of low frequency noise are brought under control by

'.zg straightforward technological improvements in the orocess of fabrication, thr {evice will
3}. \. remain limited by {/f noise which is also cbserved in homogeneous samples.

;lf In agreement with earlier cbservations, Hooge found in 1949 that in semiconductor

* resistors the fractional {/f noise power density ‘3;1(6)/(1)2 was inversely proportional to
":: the number N of carriers in the sample. He could therefore write

% SyA/M2 = /4N, @

o |

i

where «y; is an empirical factor, the Hooge parameter, that is defined by Eq. (2.1). For long
4 J-*') samples Hooge immd-ia = 2x1073, for short devices we found that %4 can be much smaller.
; 2§ We come back to this in a moment.

If V is the applied voltage, g the conductance of the sample and L the device length, we

) have

i v

», *.:

Y

N l2gvs q/mV/LZ @2.2)

2
o s0 that | can fluctuate if /u or N, or both fluctuate. Hence

'

» 2 2 N N

: SIA/D € 2 5 A/ NI, where /« 2 /-N. 2.3)
X

e I we now write

o N¢e) .

o k() - T

b Z ) go that ; 2.8

14" 5" 3 .

'C::: where /q(t) is the mobility of an individual carrier, we find

-
.
oo 8 . (A/(N2 = S (/N2 + 5. (F/N(T )2 (2.5)
e Vo Va N W /‘c
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o Since S (/(E2 e N | " .

w : ince S /y‘[) 1s ingependent of 1 and N, and varies as 1/f, we equate it to </ f. Herce

". o mobility fluctuation 1/¢ noise always vields the Hocge relation, whereas number

! : fluctuation noise yields a Hooge type form ﬁH/ (Nf) if and only if Sy(f) is orccortional to - i
v _E:: N. This is the case for MOSFETs but may not be true for other devices.

X

T
B
P

In view of the above one would expect Eq. (2.1) to be true for semiconductor resistors,

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

.‘.‘l"l & '»"'

is governed by diffusicn. It is not valid for GaAs MESFETs and MCDFETs because the

e
5

3

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

E.f and is not of the 1/¢ type.
h * * In most cases the carrier distribution is non-uniform. Obviously one must then replace
W .
) Eq. 2.1 by
Fh
S
b S706,P/12(x) = Lpy/ ENx)AX, Q.4
. for any saction 4x; here Nix) is the carrier density per unit length, and ayis independent
_}j;j:f of x. Calculating the current noise Sy(f) contributed to the external circuit by a section 4x,
-_1:.:'
':L,:. summing over all sections Ax and expressing it in terms of the external current I one may
J' abtain
e
o 2
ou
) 5 in many cases; here N, ; is an effective number of carriers. If N .. is independent of the
-3 A .
:{ﬁ- current I, S,(f) varies as 12; if Ng¢s is proportional to I as is, 0.3, the case for injection
PRty
o processes, Sy(f) varies as 1. Bquation (2.64) is not valid for MOSFETs and JFETs, because
_' of the nonlinearity of the device, but in many junction 1/f noise mechanisms (2.4a) hoids
\J."-
| *5_. and N4 is progortional to I,
AR
‘;::fj In general we use £q. (2.6) to calculate the expected noise power spectrum as the
V5 uniknown Hooge parameter times a known function of current, frequency, temoerature and
LYY
'\-_‘:z other device parameters. Measuring Sp(f) we then determine an experimental value of the
WS
]
L X
i
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Hooge oarameter ;. Finally we comoare this result with the thecretical value 3¢ e

<
‘; J‘ Hooge parameter derived from the theory of the ouantum 1/f effect, This methead 1s
o oreferable because it allows us to recognize cases in which the dominant cuantum {/f noise
A
&
' contribution does not come from mobility fluctuations, but from fluctuations of the surface
) or bulk recombination rates, or of the injection or traoping rates. Such cases are treated
. by us with a similar method as the one based on Eq. (2.4), with, e.g., the fluctuations of the
recombination cross sections reclacing the scattering cross sections reflected in the
)
N mobility fluctuations.
We must now start from £q. (2.6) and calculate Sy(f). This yields for MOSFETs and
& JFETs
’. 1
S1ath) = xyaulgVy/ L2 @.7
below saturation. Here V4is the drain voltage, [ the drain current, /Gth! carrier mobility
in the cannel and L the channel length. Since all parameters are easily measurable, the
;, observed values of Sp4(f) yield &y with an accuracy of 20%.
\y
‘_ For n*-_o-n transistors the collector {/f noise is found to be
‘_.
i S1ctf) = Ayl (6D, /FWyo) In INCO)/P(Wy)1 (2.3
W)
K- due *o electron injection into the base region, and
.
&
S Stb(h) = aygly (qDp/ FWg2) 1n LP(0)/P(Wy)] 2.9)
L
bl for the base 1/ ncise due to hole injection into the emitter. Here Wy, and Wy are the base
and emitter lengths, resoectively, N(0) and N(W,) the electron concentrations oer unit
)I length at the end points of the base, etc. Since InIN(0)/N(Wy)] and In[P(0)/P(W,)1 are slow
L)
i@ functions of bias, Sk(f) and SXb(f) should vary acoroximately as 2: and Ib. Since the
;- emitter 13 very heavily dooed, 1.')p is inaccurately Known and InCN(0)/ N(wb)l and
0
D)
h,
»
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InIP(0)/P(Wgi] are 1raccurately <rown, 50 nat he values 3fo(y dotained from the Zata Mmay
be 24 Ty a faltor 3-3 on either side esoetially #or Syyifh.

Ecuations (2.3) and (2.9) also hold cr short diodes TW< (DD 23, but Wy and W, must
be replaced by the length W of the diffusion region. For long dicdes Cwy > (0nt/23 we

obtainié
Spif) = A IlIQR %)/ = o iTle/34, (2.10)
with
F($) =1/3-1/28+1/42 - gV/KT#3; ¥= exolqV/KD) - 1, (2.10a)

where € is the minority carrier lifetime in the diffusion region and V the applied bias. The
last form of £a. (2.10) is a useful aoproximation valid for the frequently encountered case
qV/KT >> §, Often T is inaccurately known, so that the value of ofyr evaluated from the
data with the help of (2.10) may be off by a factor 5 either way. More accurate values of T

are urgently needed.
2.2, QUANTUM {/F NOISE THEORY

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

quantum 1/4 noiseli=1Z, In that case the Hooge parameter ay may be written

&y, = @ilegn * 24/ = 461073, @41

where o(=1/(137) is the fine structure constant. This is of the same order of magnitude as
the emoirical value xy = 2x103 that Hooge found for long devices. It is therefore
oroposed that Hooge’s emoirical value fordy is due to coherent state quantum {/f ncise,

30 that it has a very fundamentai origin. Conerent guantum {/f noise will te giscussed ir

detail in Sec. [II.

......
-----
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Fer small devices (L « 100 mea*er) [ have orcoosed inccherent 7-10, 1315 guantum {/4

noise. In that case oy may be written

Xy = () s B3N TANZ/ ()] 2.12)

where av is the change in the velocity of the carriers in the interaction orocess
considered. This expression holds for any {/f noise source describable by fluctuating
cross-sections. Since usuaily (3’\'/2/ CZ-, {< 1, exceot for carriers with a very small e¢fective
mass, we now have &y << 3.1x1073. This may explain the low values of &y (in the range of

Ay = 10'5- 109 for very small devices. In between ore can introduce a parameter S =

f(L/L,) where L is a characteristic length and writei2
Ay 2 dineanll/(1+8)1 + @) o [8/(148)] 2.13)

with S»> for L/L, >> 1 and §»0 for L < L, According to this rough approximationiz, Lo
= 100 /meter for samples with a concentration c of carriers of 10“:m'3 and varies
proportional to 1/ 2. This describes the transitian from Eq. (2.11) to £q. (2.12) when one
goes to devices with smaller and smaller lengths.

For carriers with a Maxwellian velocity distribution we have in the elastic collisior
aporaximation

——
—

av2 = 2v2 = 4kT/m*, 2.14)
Substituting into Eq. (2.12) one obtains values forxy that are afactor 30 - 1000 smaller
than what is found experimentally. A more accurate calculation!4 of the ncrmal ohonon
interaction processes gives values that are only a factor 3 larger than Eqg. (2.12). Normal,

or nen - Umklaoo electron - phonon collision brocesses can therefore not exolain these

data.




1 P
i

PN

?‘:

{ R )
3 AL

|

v':;,;_..;.
A

«
FOFA

;vf
LI

)

R o

£

1)
." «

V-n‘_(

:im-'

P I
-t

In the Umilaog quantum &/¢ ncise crocesst? e carrier zan transfer a momentum a/a <2
or from the iatiice, where 3 ig *ne ia*ice sonstarn*t and h is Planck’s corstant. If the

- . * .
corresponding velocity change of tne carriers is Av, we nave

m*av = h/a;  (av/o? = (h/m*a0f, 2.15) .
so that
o |y & Xy, = (4a/3MCR/m*acI?, 2.45a)

Wwhen this is applied to low-noise Silicon n~channel JFETs and p-channel MOSFETSs, one
obtains values that are about a factor 3 too large, whereas the accuracy of the
measurements :s 20-30%. The reason is that we have forgotten to multioly (2.15a) by the
orobability exp(-8p/2T), where 6p is the Debye temperature, that the interaction orocess

is of the Umklapp type. Hence a better approximation should be
(G =Xy = (4%/3MLn/m*ac2Zexo(~Gy/2T), (2.158)

This agreed with measurementsi? on n-channel JFETs and p~channel MOSFETs within the
experimental accuracy of 20-30%. In the case of n—channel JFETS the measurements were
done in the 250-400 K temoerature range and the temgerature dependence exp(-fp/2T) of
o was verified!9 within (0%, We see from Eq. 2.15b) that Ay decreases rapidly for
Op/2T > 1.

At this point we provide a brief physical explanation of the quantum 1/¢ effect.
Consider for example Coulomb scattering of charged particles by a fixed charge. The
outgoing (scattered) Schroedinger field monitared by a detector at an angle O from the
direction of *he incoming beam contains a main non - bremsstrahlung part ang various
ccntrbutions which lost small amounts of energy €= hf due to the emission of a
bremsstrahlurg ohoton of arbitrarily low freguency 4, and therefore have a DeBroglie

frequency lowered exactly by f. The expression of the ocutgoing scattered current density

P . O a Lad i
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15 guaoratic in the outgoing Schroedinger field and will contain a major non -
sremsstrahlung part, a small bremsstahlung part, and two cross terms crogortional to both
the non - bremsstrahlung and the bremsstrahlung parts of the scattered chargec particles
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 fr;quency + with
an amolitude proporticnal to the bremsstrahlung scattering amplitude. The fluctuating
cross terms will be registered at the detector as 1/f noise in the scattering cross section.

For an elementary derivation of the quantum {/f effect we start with the classical
(Larmor) formula for the power 2q232/ 3c2 radiated by an accelerated charge. The sudden
acceleration’y = 23;(1:) suffered by the charged particle during scattering has a constant
Fourier transform ?f 2 ZC. where XC is the velocity change during the scattering orocess
and J;t) the delta function of Dirac. Therefore the spectral density 4q2I§75|2/3:3 of the
radiated energy can be written in the form 492(5:/)2/3:3 and does not depend on f. Dividing
by the energy hf of a photon, we get the number spectrum 4q2(55)2/3c3hf of the radiated
chotons, where h is Planck’s constant. Since the amplitude of each of the two cross terms
is oroportional to the amoplitude of the bremsstrahlung part of the scattered narticles
wave function, the fractional spectrum of the cbserved 1/f noise is twice the number

spectrum of the emitted photons per scattered charge carrier:
172516 = 8q2(av12/3c3hs =y, 2.16)

With the definition &(= 21!q2/hc of the fine structure constant this is identical with Eq.
{2.12)) and this completes our elementary derivation of the conventional (incoherent)
guantum {/f effect.

All scattering cross sections and orocess rates defined for the current carriers must
fluctuate with a fractional spectral density given by Eq. (2.16). Applied to scattering
cross sections, this means that the collisicn frequency, the mean time between zollisions,

and the mobility of each carrier independently, must all fluctuate with the same fractionai
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e 3 spectrum. This allows us to accly the cerivation of <ne !/N factor for mobility
‘ s.uctuations, oresented in Eas. (2.2)-(2.5). The Hooge formulall jg thus derived from first
3:}:'_1 orincicles as a cuantum 1/f result with oy given by Eq. (2.12). All 1/ noise formulae
3 ,J" derived on the basis of the Hooge formula can therefore be taken over as quantum 1/
:' \— results with the aopropriate quantum {/f Hooge parameter, but they will pt:ovide cnly the
E:, A guantum 1/f contributions from the scattering cross sections. Therefore they will not
E, \ describe the experimental results oroperly in gereral, until we add the compolementary
contributions from auantum {/4 fluctuations of the surface and bulk recombination cross
g‘i‘{ sections, from quantum 1/f fluctuations in tunneling rates, or possible injection -
{x extraction contributions from the velocity changes [v' in transitions of the carriers in
_: inctions and at contacts. Some of these complementgry contributions turn out to0 be
';\, i similar to results of earlier calculations based on the McWhorter?! and North-Fonger2?
w, models, in which the correct quantum 1/¢ expression of recombination rate fluctuations are
@« replacing the rate fluctuations postulated by McWhorter and North. McWhorter had
‘E\Q.: considered transitions to and from traps in the surface oxide layer and North thermal
J fuctuations of the surface potential as the final cause of 1/f noise. Other quantum {/4
-‘ 2 contributions, finally do not even bear a formal resemblance to earlier calculations. We
,;:"C: conclude that the quantum 1/f approch provides both a foundation and a properly weighted
f{i synthesis of earlier calculations, as well as additional contributions. In the same time the
* quantum {/f approach eliminates all free parameters or fudge factors, leaving only ¢he
i’ fine structure constant as a common factor of all electromagnetic quantum 1/+4
L contributions. Unfortunately not all cuantum {/f noise contributions have been worked out
?t in sufficient detail so far, as will be seen in Sec. 2.4, due to limitations in ¢ime and
_,,:55 secretarial services,
Oy
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<.3. EXPERIMENTAL VERIFICATION

For the best n-channe!l MOSFETS ‘“H)exp was a factor 50 larger than (“H’theory'
indicating that the gquantum 1/f noise is here masked by another noise source, which is
orobably surface {/f noise caused by traps in the oxide. Aoparently the o-channel
MOSFETs have lower oxide trap densities, whereas oy | is about one order of magnitude
larger; as a consequence the quantum limit (2.45b) can be reached in the best units.

For a device length L comparable to or smaller than the free path length for Umklaco
processes, oy, must be multiplied by a factor g(L/A), where g(L/3)~1 for L/2 >> 1 and
gL/ )20 for L/a << 1 (ballistic limit). The same is true for normal collisions, but with a
different A. The function g{L/R) has still to be evaluated.

In the 1/f noise of the base current Iy, of transistors Eq. (2.9) indicates that Sy, should
vary practically linearly with Iy. This was verified?3 for GES82-185 silicon p+-n-p
transistors, and the value ofa(y agreed roughly with Eq. (2.15b). In NEC 57807 Silicon
n*-p-n microwave transistors §1(#) varied as Ib" with ¥= 1.5 at larger currents and
somewhat smaller at lower currents. Hence the parameter x; could not be oroperly
defined. The quantum 1/f noise effect in the mobility seams here to be masked by (most
likely also quantum {/f type) fluctuations in the surface recombination veiocity s at the
surface of the emitter-base space charge region. Zhu?3 gave ‘“H’exp ¢ LIx10~7, but this
estimated value of o'y could be 10 times larger due to an inaccurate estimate of Dp. s0 that
(@) exp and At gary * 4x1077 are now comparatle.

The 1/£ noise in the collector current I, of silicon transistors, both of the n*-p-n
variety and cf the o*-n-p type, is extremely small, It is estimated thata; is at least a
factor 100 smaller than the value deduced from Eqg. (2.:5b). Apparently the Umilapp /4
rcise 1s nere absent. The NEC 37807 n+-o-n microwave transistor had a base width of
0.3% ’motor $0 that it could be operating near the ballistic limit. For the GE32-185 the

Sases width was 1.6.'»/4mom and hence it should be operating in the ccllision mode. This

-
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absence of UmKlapp 1/f noise is caused by the manufacturing of the devices on 100 crystal

P surfaces which avoids the Umklaoo orocesses through the Umklapp - unfavorable position
;;_. of the energy minima of silicon for this particular orientation.
o We have cbtained some preliminary dataZ* on n+-p Hgy_, Cd, Te diodes with x = 0.30.
\ ‘, The diodes were made on an epitaxial layer io/umeter thick, the emitter cof;tact was
150x 150 /unotor. the length of the p-region was about 2 mm and the geometry was very far
:-,'._ fram rectangular. For a rectangular approximation the effective volume Ve¢¢ of the
5 p-region would be 10-3x1.5%10™2x0.2cm3 = 3x1078 cm2, but for the actual geometry Vo..
)fa could be larger or smaller. The error could be a factor § in any direction.
J‘ At 300 K and forward bias it was found that 51(4)/12 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 Fn >>/up. this noise comes from electrons; hence Eq. (2.1) may be
':\': written
‘; SN/12 = /N 2 A/ 0 Vg gge 2.16)
where n, is the electron concentration in the p-region. Evaluating ngy and estimating V.
K as shown, Wu and van der Ziel24 found ay = 1.7x102, This is a factor 3.5 larger than
‘j » ;':E Handel’s value of 4.6x10~3 found for coherent state quantum 1/¢ noise, but the possible
i.x error may be a facter 5 in any direction.
At 300:X and lower temperataures it was found that S;¢A)/Ili was about constant for not
‘ to0 small back bias. This meant that €q. 2.10) might be applicable. The difficulty was
2 that the ﬁft ﬁﬁo‘t}, of tho carriers was poorly known. The relative shape of the T,(T)
:;':- versus T curves is known; Tn should have a maximum at intermediate temperatures and
2: grop off appreciably at lower and at higher tlmpontuns:‘. Wu and van der Zill24
therefore took 7,,(300) = 1.0x1078 sec, €99 « $x10-8 sac,and Tn77 * 0.5x107% sec. This
- yielded (@, o = 2x1074, whereas (M gony * 4x1075 according to Eq. (2.15b) and @y g
s
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= 4.6x1073, This means that Al exp lies between XHn'theory N9 Aean closer to the
former.

How should this be interpreted? In view of the fact that Umklapp {/f noise seemed to
be absent in the collector {/¢ noise of bipolar transistors, and that this noise, if present,
would have been generated in the base region, we cannot be sure that Umkl;pp 1/ noise is
generated in the p-region of long n*~p diodes. The safest conclusion that can be taken
from the fact that (“H)exp = 1°(°’H)theory is that the presence of Umiklapp 1/f noise in
Hg;.,Cd, Te has not been demonstrated, nor has the absence of Umilapp 1/f noise been
proved.

A somewhat more optimistic conclusion cannot be completely ruled out, however. In
long n+—p dicdes one has to split the p-region into a diode part and a series resistance
part. The boundary lies about {-2 diffusion lengths from the junction, so that the diode
part of the p~region may be a few hundred /unotor long. This might bring the generated
noise about halfway between coherent state 1/f noise and the UmKlapp 1/f noise.

1/% noise in n*-p Hg;_,Cd, Te occurs in many forms and each form should be tested. 1f
a Hooge parameter oy can be defined from the measured data, one can investigate whether
or not the measured value ofa iy agrees with the theoretical value, lies above it, or lies
below it. If a Hooge parameter cannot be defined one can still measure spectra at various
currents, compare with theoretical spectra and see whether the quantum 1/¢ noise is

masked or is absent. , - '
2.4. REVIEWOF GUANM 1/¢ NOISE SOURCES APPLICABLE TO n*-p DIODES

The various quantum {/f noise sources suggested by the author, which we will consider
here, have in common that they can be described by Za. {2.12) but with a &2 value

described by an "energy" E = QVess

(av2)/c2 = 26/mec? 2 2qV,p g0/ mec2, .47
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o\ Examples:

(a) Recombination ouantum {/f noise in the oulk soace charge region®:

- e s A A

Sy(h) = Ayall iTtanh@V/2KT) 1/ HT, g + T ; (2.48)

s~ SPOREIRX
Pl i P ) {"‘5

%4y = (40/3MI2(Vy34~VIHIKT I (m 0 Zeim 11/ 2)"22,

-

h
-

-

‘l
. o

wehre [0 = gAWn;(03V/2KT - 1)/(7 4%y 15 the recomoination current, 3., and g, the

L
- Shockley-Hall-Read lifetimes, V the aoolied voltaye and V¢ the diffusion ootential of
Y,
A :J‘ the junction. Introducing an “effective carier number” N . =
-.\‘-
- gl (Tpo+ Tg)/Ltann(QV/2kTY], Ea. (2.18) may be written in the form of Eq. (2.68)
'::!‘s
L @
: , Sph = ayl 2/ fNg . 2.182)
E-‘E (b) Quantum 1/f noise in the surface recombination current of n*-p diodes. This effect
U,
.l
¢ is caused by guantum 1/¢ fluctuations of the surface recombination cross sections. The
'_r-'\tj calculation is similar to the previous (bulk case, but the GR process is localized at the
Lo '
}'-j surface, and the additional electric field arising from the potential jump 2U at the
Xg
’,; !
) interface between the bulk and the oxide and passivation layers will lead to increased
LD
| ‘:‘ velocity changes of the carriers in the recombination process and to larger xyy values.
Th
K ‘}:: Including also the quantum 1/ mobility fluctuation noise of the spreading resistance
P -"
v caused by the concentration of generation and recombination currents at the intersection
:‘ of the depletion region with the surface of the diode, we obtain a current noise
AN
::‘: contribution
X
i S1(P = &yQll’ I [tanh(@QV/2KD) 1/ K’ + /)
)
b~
o + o}‘ (1'9,.)2 /T NP 1n(A/W2), 2.49
¥
: ': o'y = (40/FF)(2q(Vg;4+U-VI+3KT UM M/ 20im _#1/2372¢2,
N
DO
b
>
"’" -------- ~ L - w
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Here the primed cuantities refer o the sur‘ace, il.e. we Nave introduced the surface GR
surrent I'gr' the lifetimes in the vicinity of the surface and the o’y Darameter fcr surface
recombination. P is te perimeter, A the area and W tthe width of the unction. The

guantum 1/ mobility fluctuation part is expressed in terms of the global parameter

o
'
which includes all types of scattering weighed with the appropriate mobility ratio factors.
Introducing again an "effective carier number” N'ggg = II'g,.l(¢'n°+z'p°)/q£tanh(cV/2k‘r)].

the first term of Ea. (2.19) may be alsc be written in the form of Eq. (2.4d)

Sph = ayl'gn2/#N g g 2.192)
Due both to the surface potential jump 2U and the /£ 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.

(© Injection - extraction quantum 1/f noiseé, due to injection or extraction of carriers

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

S,(f) = dynilia/fe;

Ay = B/IML2G(V g4~ VI+IKTI/m, 2, (2.20)

where | is the injcted current, and z is the time of passage of a carrier through the
barrier region. Introducing again an effective carrier number N, = 17/q, Eq. (2.20) may

be written in the more general form (2.4a), valid also for very small I
Syt = oty T2/ 6N g4 2.202)

Note that in each case Nef#' as long as it is larger than 1, is proportional to [ (otherwise
No¢s = 1+ see Delow), and thata iy depends on bias.
(@) Recombination in the o region of a long n*-p diode of length w >> (Dn'rn)ll 2, Here

for not too small bias

Sy() = &yilla/36€, = Wy12/N g g 2.21)

L e,
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Najé = 3illmy/00 oy = B/3WIIT/M YRS, 2.0M)

since (Z’:)—Z 2 26/m and € = 3KT/2, In this case oy is very small. At small dias (QV<KT) the
factor 0/3 must be replaced by oF (¥) with F given by Ea. (2.10a).

(e) Quantum {/f noise in the turneling rate. Tunneling is cbserved in n‘:-o dicodes with
sufficient gate bias2, 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 obtain a minimal

guantum {/f noise oower soectrum
S0 = Ay 12/Ng i Nogs = (1l /gy 2.22)
%y = (40/3WIIKT/m, 21,

where T 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 tunneling is small, this time is very short, of the order of 10-14g, Nggs will
then become larger than { at currents exceeding 10734, leading to a linear current
deoendence of the noise power. At lower bias Ng¢c must be set equal to unity in Ea. (2.22),
and this gives a quadratic current dependence.

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

previous case
S1(h) = ayilIgF (01/4z, = «I2/fNggqi Nggs = I1IS/QF(5), 2.23)

but now atyg is given by (2.15b) and is much larger than in the previous case. The function
F(® 1s given by Eg, (2.10a). This contribution, together with the normal (non - Umklaoe)
shonon scatterings intervalley scattering, impurity scattering and ootical ononoen
scattering contributions, determines the gquantum {/f mability fluctuation Hooge narameter

°7‘. Hewever, not all of these contributions are important, in general, in i given

semicanductor.
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The following are twe cases in wnizh a satusfactory quantum /4 caleulation nas not
been performed yet, Both are rather noisy orocesses.,

(a’) Recombination at the surface of the base region in a Ge transistor. This orocess is
responsible for the base current Iy and the base noise Spy(f). Since Iy is orooortional to

the surface recombination velocity s) where s does not depend on position
ly/ly = 45 /8i  Spy#1,% = S (0/s%, 2.28)

where S (f)/s2 should be independent of dias. Sy (f) should thus be oroortional to ! ‘b .
and this agrees with the axceriment,

(b’) Recombination at the surface of the emitter space charge region. This can occur in
silicon transistors, even if the base current is mainly due to injection of carriers into the
emitter region, because the recombination process is a noisy process. Let the
recompination occur mainly in a narrow area around x4 and let the potential at x4 change by
an amount V, when bias is applied. Then, if By is the hole concentration at x for zero
bias, the hole concentration at x; with bias is nyexp (qQV{/KT). Hence the recombination

current lr may be written
1o = a 0gexo(QVy /KT) Aggssi Al = 4 pyexp(QV, /KT) Ageeds

or
Syath) = (Q pyAggp)2expi2qV, /KT Sq(h) 2.25)

where S,(f) is independent of bias and equal to (constant) /¢. Since = I, #x0 (QV/KT),
§pe(h = const, 18V1/ YV gy, @.26)

For Vs V72, sim is oroportional to I, for V¢ = 0.75, as expected for pe=n-p

transistors, Syf) is orooortional to 1i,
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These are 'classical’ thecries: thav sTill save ¢S S8 charssiatas ints the Juartum
oisture,

what haprens tc the equation -
4 2,2 - o~
SI(?) =de“/?N94{ el

1f Nggss1? This might be the zase for small devices at very small currents, The factor
Ng¢s In the cencminator is caused ov the inconerence of the single - carrier contributicns
w=E8~ m2rE tman one carrier are testing a certain cross section Or Crocess rate
s1muitareousiv. This, however, is not the case for Ngg <l Therefore Ny snould ce

~eclaced by urity in that case in all formulae, so that
-~ .Y ﬁ
:I i$) = dHI‘/f (2.28)

in this limit. In cases in which N is proportional to I, Sy(f) would be prooorticnal to I at
high currents and to 12 at very low currents in unctions. This is in agreement with
exoerimental observations by Radford and Jones?, and by DeWames et al., but should be
further investicated in each case in relation to the quantum {/f noise coherence iength anc
=@ Arction area Jecendence of the noise tower in this limit. Inceed, the orococrtionality
20 2° 15 usuaily oredicted by the theory even for N eé¢ ! because N .. stoos peing
sroporticnal to I at low currents, and becomes constant. In such devices the limit Ngge<i

can not be reached uniess the size of the device (e.g. the junction area) 1 further regucec.

2.5, DISCUSSION

The guantum 1/f noise formulae presented above have been acolied by Radford and
Jones? te /4 ncise in GR, diffusion and ‘unneling currents in both double eoitaxial laver
ar 1on :molantea n”-2 HgCdTe dicdes. They zptained good agreement wif the exgerimentai
data in general, but were a factor 20 below the measured values at positive gate bias.

~NRN an inversion laver formed at the surface. This discrepancy may De Jue 2o IS N2




. : o)

- presence at positive gate bias of a noisy surface GR contribution (Egs. {19-19a), and to

I Kinetic energies of the tunneling carriers above the thermal level in the vicinity of the

e o

2 inversion layer.

e

Another previously unexplained fact noted was the difference in the 4n_ctional noise

'Y level of surface and bulk recombination currents. This is caused in Egs. (2.19-2.19a) both
i: by the surface potential ump 2U of the order of { Volt present at the interface betwen the
&

bulk and the oxide and passivation layers, and by the guantum {/f mobility fluctuation

-, noise in the spreading resistance which affects the passage of carriers to and from the
:E perimeter of the unction. Furthermore, the higher noise level of InS - passivated diodes
;. may be caused by a larger surface recombination speed associated with these coatings

compared to SiO, 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 according to Eq. (2.19). Finally, the larger fractional 1/f noise levels of

ion im;ilanted Jnctions is mainly caused by the 1-2 orders of magnitude lower carrier

> o e e > o o=
272" 8" s

lifetimes in Egs. (2.18-2.23), which yield 1-2 orders of magnitude smaller Neff values and

A

larger fractional noise power valuas by the same factor.

E_ -
o~y

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

)
'3) 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

2 carriers should be Kept high, and abrupt or pinched regions in the unction should be |
v avoided. The reascnable choice of other unction parameters, including the steeoness of

1}

‘ the unction and the geometry should yield lower injection - extraction and bulk

. recombination noises by emphasizing the presence of the larger hole masses in the

L]
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, derominatars Of the above oxpressions. Firallv, zonerent state !/+ noise snould te
.?': aveided By ail means by cotimizing the Zimersians.
i
: 221, COHERENT STATES QUANTUNM 1/¢ NOISE AND THE QUANTUM /¢ EFFECT
L _
‘, A ohysical, electrically charged, particle should be described in terms o¢ ccnerent
‘ states of the electromagnetic field, rather than in terms of an eigenstate of the
: Hamiltonian. This is the conclusion obtained $rom calculations@d (of the infrared racdiative
" ::rré:tions to any orocess) performed both in Fock space (where the energy eigenstates
3 are taken as the basis, and the particle is considered to have a well defined energy) and in
" A the basis of coherent states. Indeed, all infrared divergences drop out already in the
s calculation of the matrix element of the process considered, as it should be according to
- 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.
_J From a more fundamental mathematical point of view, both the description of charged
\’ particles in terms of coherent states of the field, and the undetermined energy, are the
j zonsecuence of the infinite range of the Coulomb sctentiai?s, Both the amplitude ang the
{ phase of the physical particle’s electromagnetic field are well defined, but the energy, i.e.
3 the number of chotons associated with *his field, is not well defined. The indefinite
S 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 Hamiltonian.
_:{ A state which is not an eigenstate of the Hamiltonian is nonstationary. This means
5 that we should expect fluctuations in addition to the (Poissonian) shot noise to be cresent.
2 What kind of fluctuations are these? This
v
" Juestion was answered in a previous cacer?’, The additicnal fluctuations were ident:éied
.' there as {/¢ noise with a spectral density o# 2o/T7¢ arising from each electron

v el

indecendently, where A=z 1/137 is the fine structure constant.

e - I e AT AT e T A T TRLY PRI SO
_.v \;:n' " h ', v \"._:“ " . ._' T NNy .‘, A RN AN 'v". * LS ol O
...... A e Kt ol AW




.l‘ 4

- N -
“’" PR s~
e
S
ade e s

»

Ay X
P A
A4 %
e

v, 7
1
v
~7a

g ¥ el en?
r " Xy
e

4

NN
SO

LA
* .

*
L N

T

[4
.

vy
Ay

L
R h‘." gl 2

We will briefly gerive this result again here, Ut we wiil stress the connection netwesn

the coherent quantum 1/ noise and the usuai cuantum {/¢ esfect.
3.1. COHERENT QUANTUM (/¢ NOISE

The coherent quantum {/f noise will be derived again in three stens: first we consider
st 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 autocorrelation functions 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 G, the
angular frequency &/= cq and the polarizationa. Denoting the variables T and A simply by
q in the labels of the states, we write the coherent statedi-27 of amplitude Iqu and phase

arg 2, in the form

izg> = expL‘-(i/Z)lquzJ c:ntzqaq"l 10> (3.0)

= exol-(1/Dizgl?1 Ty 2/t in.

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

Hp(x)
in> = @Mntvp~1/2 expL-x2/21 H, () einwt 3.2)
This yields for the coherent state Izq> the representation

oo
W00 = exol~(1/21zgi2 JexpC-x2/21 oy (Czge W17 Cni2 V@ 1L/ 21H 00

1,
e - a4 4 ,
= !XDt‘(i/:)fqu‘]QXDL’\(z/ZJiXD[‘Z'E 21wt 4 2y ggitity 3.3
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In the iast form the generating function o¢ tne Hermite DClvnCMials was useac’, Tne
carrestconding autocorrelaticn functior o4 the oropabiiity density functien, cotained by
averaging over the time t or the ohase of z, is, for izg1w4 L,

R ACE AL
Palt {Iﬂtl"’qﬂé-pt

= {1+3x%121201 + coswd - 21zg Srexpl=x?/ 21 (3.4)
Integrating over x from -vto @, we find the autozorrelation function
alw = 2m)~1/20 + 21z 2coswe (3.5)

This result shows that the probability contains a constant background with small
supernosed oscillations of frequency &. Physically, the small oscillations in the total
probability describe a particle which has been emitted, or created, with a slightly
oscillating rate, and which is more likely to be found in a measurement at a certain time
than at other times in the same place. Note that for 2y = 0 the coherent state becomes= the
ground state of the oscillator which is alsa an energy eigenstate, and therefore stationary
and +ree of oscillations.

We now determine the amplitude 2q with wich the field mode g is reoresented in the
physical electron. One way to do this37 is to let a bare particle dress itself through its

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

theory with the interaction Hamiltonian

H' = A/.‘ = ~@/Ov A+ e®, 3.8)

where K is the vector potential and P the scalar electric ootential. Another way is to
Fourier expand the electric potent:al e/4%r of a charged particle in a box of volume V. In

.
201N ways we o‘otam‘?

!za:: 2 (a/Q) 2 thcgW!, (3.7
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Considering now all modes of the electrcmagnetic field, we obtain from the single -

mode result of £q. (3.5)

2 [s]
Alt) = c[;u + 21qu cosaﬁ =z C{1 + zélzq!‘cas%d

2 et + 20v/2%9) f 43g lquzcosw’ﬂ . (2.9)

Here we have again used the smallness of 2q and we have intoduced a constant C. Using

Eq. (3.7) we obtain

Af) = CUY + 20v/237 4%/ Vel /2R0) (dq/qices )

= C(1 + 2(aAr) [coswardw/ad 3.9

Here & = #2/49hc is the fine structure constant 17137, The first term in curly brackets is
unity and represents the constant background, or the d.c. part. The autocorrelation
function for the relative, or fractional density fluctuations, or for current density
fluctuations in the beam of charged particles is obtained therefore by dividing the second
term in curly brackets by the first term. The constant C drops out when the fractional
fluctuations are considered. According to the Wiener-Khintchine theorem, the coefficient
of coswris the spectral density of the fluctuations, sz. orS j for the current density
i= ek/mI2
gwt" ”
Qe < ¢>

Here we have included the total number N of charged particles which are observed

= 2= T ;N-"”"Zﬂ 3.10

symultaneocusly in the denominater, because the noise contributions from each paticle are
independent. This result is related to the well known guantum 1/+4 e5ect28-33, 15 4 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 z_ which

q
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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iﬁ; Jetermined by the disserence between the new anc 0id 2q amalituaes.dz:. This, however,
K 18 just the Sremsstrahiung amolitlcs Az, We thus regair the famiiiar guantum !/f effect.
§' *i according tc which the small energy losses #rom dremsstahiung of infraguanta yield a final
\, state of ingefinite energy, and therefcre lead to fluctuations of the srocess rate, or cross
t"\' section, of the process in which the electrons have participated, and which has occasioned
:\ the bremsstrahiung in the first place. The -aizulaticn of piezoelectric 1/4 noise34 which
32.: deals with chonons as infraquanta, was phrased in terms of the ccherent field amplitudes
‘.::" 2, for the first time, altheugh it is concerned only with the usual quantum {/f effect. [t
:: has of substituted by <he piezoelectric coupling constant g.

o

AN

i 3.2. CONNECTION WITH THE USUAL QUANTUM /¢ EFFECT

3 The assumptions included in the derivation of the above coherent quantum {/¢ noise

result are :
{ ~ The "bare particle” does not have compensating energy fluctuations which could
] cancel the fluctuattions present in the field. The latter are due to the interaction with

distant charges, and hawe nothing to do with the bare oarticle. Therefore, this assumotion

- s

b is quite reasonable.

-_:._3 2 - The experimental conditions do not alter the physical definition of the charged

:-;:'E‘_ particie as a bare particie dressed by a coherent state field. This second assumption

hy 3 depends on the experimental conditions.

One way to understand this second assumption is based on the spatial extent of the
beam of particles or of the physical sample containing charged particles, and is

‘t specifically based on the number of particles per unit length of the sample. According to
;“/;: this model, the coherent state in a conductor or semiconductor sample is the result of the

: f: experimental efforts directed towards establishing a steady and constant current, and 1s
therefore the state desined by the coliective motion i.e. by the drift of the current

A: carriers. [tis expressed in the Hamiltonian by the magnetic energy €., oer unit lenrgeh, =4
25
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tne current carried hy the samole. In very small samcles or electromic cevizes, this

magnretic energy

Emef (BS/amMd3% = LnevS/ceIn®R/m) @.41)

is much smaller than the total kinetic energy E of the drift motion o+ the individual

zarriers
- ! 2
Bx= Nmve/2=nSmv,/22 By /s, (3.12)

Here we have introduced the magnetic field B, the carrier concentration n, the cross
sectional area S and radius r of the sample, the radius R of the electric circuit, and the

"coherent ratio”
LR E"ﬁ( = 2ne25/mein (R/r) = 202N'/me2, (3.13)

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 excect the observed

soectral density of the mobility fluctuations to be given by a relation of the form
(1??)5/‘_(6) 2 {1/1+6)(2aA/¥N] + {8/ +s)[2x/T¥N] (3.14)

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.
£q. (3.13) needs to be tested experimentally. In this equation A = 2(4’3/:)2/ 37 is the usual
nonrelativistic expression of the infrared exponent, present in the familiar form of the
quantum {/f effect28-33, This equation does not include the quantum 1/f noise in the
surface and bulk recombination cross sections, in the surface ana bulk trapping centers, in
+unneling and in/ection orocesses, in emission or in transitions between two so.ids.

Note that the coherence ratio s introduced here ecuais the unity for the critical va.ue

N’ = N" 3 2:1012/em., e.q. for a cross section S = 2-10"%em2 of the samcle when n = 1045,
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For smai. samoies with N'<aN" oriy tme fimsT term syrvives. and for N> N onlv the

second term remains in 22, :3.44). We nooe that an expressior simiiar to S, 3.4 will

.,. allow us *z eutend the zresent good agreement between theory and experiment tc the zase
Q; ¢ larze sem:zarductor samoles35-38,
IV. QUANTUM {/4 NOISE IN SQUIDS ‘
E' Any rcss section or process rate defined for elecrically charged particies must
fluctuate in time with a {/¢ spectral density according to quantum electrodynamics, as a

"": consequence of infrared - divergent coupling to low - frequency photons”. This
' fundamental effect discovered 10 years ago, leads to quantum {/f noise 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 jnctions,
RS
’ providing a lower limit of the cbserved {/f noise.
N This Section gives a brief and physical explanation and deriviation of the quantum 1/
t_::' effect, followed by a discussion of the application to Josephson junctions and SGUIDs.
N,: Consider a scattering experiment , e.9. Coulomb scattering of electrons on a fixed
;,)..' charge and focus on the scattered current which reaches the detector. Part cof the
::;és ' Schroedinger field of this outgoing beam has lost energy hf due to bremsstraniung in the
:;;5 : 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 is
“};4»; fluctuations of the scattered current and interpreted as cross section fluctuations.
);. ;é The bremsstrahlung amplitude is known to be (2a/3%H)1/2y/c, where v is the change in
r .;, the velocity vector of the particles during the scattering process, and o is the fine
i:f structure constant @2 %c = /137, The beat current is ocreportional to this amoplitude, and
.‘.' the soectral density of the fractional current j (or cross section ) fluctuations is
'" herefore
C] \.
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1., J ~=j(f) =675, = A y=/ ITNFC*, (8.4
) .’
AN whnizn Sudiicates the number spectrum Cf the emittec photons. Here N is tha numper of the
Y ;.
\.:: particles which are simultaneously measuring the cross section,
O\,
A" . ;
‘.. < in a Josephson unction the normal resistance R_ of the barrier is oroperticnal to a
e -
e scattering cross section or transition rate experienced by the electren in cuasiparticie
.12 tunelling and by the Cooper pairs below the critical current IC. Therefore
3

Ry "2Spn(f) = (49/3M (v2/c2NH) = (Be/3M) (vgl/c2NH = 4107 14/4014.2)

}'::j where we have aproximated v2 with ZVsz vy being the Fermi velocity, and the number of
*: carriers N simultaneously present in the barrier of volume £2.(in /ua) by 107, for barriers
K- wider than 10~ 7em.

‘ Assuming a linear relationship between the critical current . and G, = Rn‘i. we obtain
?.: similar to Rogers and Buhrman4?

r Sy(F) = 4/ 10™12(T/30IR,GVI/ (Rg+R 12

€1 RL12/1.2 -p7H/2 % awvia?, (4.3)

“).

™ j where R ;(V) is the juncticn resistance, Rg the shunt resistance, and gVI=R,/R 5.

,: The noise caused in a SQUID by the source considered above can be cbtained as the sum
.';1 of the naoise contributions from the two junctions.

, In addition to this noise present in each junction, SQUIDs may also allow us to see

' . coherent quantum {/f noise

.‘

v 7261 = 4.6 1073/8Nygp (4.8)

»x: where Ny is an effective number of carriers which define the ccherent current state :n
' the vicinity of the two Josephson junctions. This noise is caused by the coherent

?:. character of the field of each current carrier, wheih leads to uncertainty in its energy and
:‘:::. thereby generates an additional form of quantum {/f noise in the current. In practice the
i
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t.{:
::,:k current will fluctuate iess, cecerdirg on the eiectric circuit which feeds the SQUID, out
: . tne flux through the junction will siuctuate, tneredy exmisiting a decarture from a
{: cerfectly ccherent field state, i.2. {/f amplitude and phase fluctuations.
jh:; The above cuantum 1/¢ results of Eqgs.(4.2) and (4.3) are in good cuantitative agreement
T‘ with the experimental data‘o. but the apolication to SQUIDs of the coherent quantum t/+
—
::::: resuit (4.4) needs further investigation before a meaningful comparison with the
:':‘ experiment can be nerformed.
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