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This review represents l / f  noise in electronic devices in terms of 
the Hooge parameter aH of the devices. A generalized schematic 
is given for expressing the noise spectrum S,(f) in the external cir- 
cuit in terms of distributed noise sources of the nonuniform 
devices in terms of a,+; and so one can evaluate aH from S,(f). The 
results can then be compared with Handel’s predictions for aw 
Despite the fact that there are several objections to Handel‘s deri- 
vation of a+,, it seems that his final result usually agrees with exper- 
iment; apparently the results are not sensitive to the details of the 
(Bremsstrahlung) photon-electron interaction (Appendix I). 

Collision-free devices (pentodes, vacuum photodiodes, second- 
ary emission multiplier stages, etc.) can always be represented by 
fundamental l / f  noise sources after spurious noise sources have 
been eliminated or discriminated against. Collision-dominated 
devices can show fundamental normal collision l / f  noise, Umklapp 
l / f  noise, intervalley scattering l / f  noise (if there are intervalleys), 
intervalley + Umklapp l / f  noise and, in long devices, coherent 
state or Hooge-type l / f  noise. Most of these processes occur, except 
pure intervalley l / f  noise, which is replaced by intervalley + 
Umklapp Ilf noise. Such devices include Schottky barrier diodes, 
n+-p diodes, p-i-n diodes, n+-p-n and p+-n-p BITS, n-channel and 
p-channel Si-IFETs, and p-MOS devices operating under strong 
inversion. The schematic can also be applied to ballistic devices. 

I .  INTRODUCTION 

It i s  the aim of this review paper to present I l f  noise in 
semiconductors, semiconductor devices, and collision-free 
devices (like vacuum tubes) from a unified point of view, 
using an extended version of the Hooge equation [ I ]  as a 
vehicle. It i s  then found that the Hooge parameter, intro- 
duced by this equation, can be used as a general measure 
of the noisiness of a system or device. It i s  finally attempted 
to correlate measured values of the Hooge parameter with 
the values calculated from Handel’s quantum theory of 
l l f  noise [2], [3]. 

The approach is  in itself not new: what is new, however, 
is i ts  generalization to  all systems and devices. Also, the pro- 
gram would already give full practical benefits if the inves- 
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tigation stopped after the measurement of the Hooge 
parameter. But the comparison between the theory and 
experiment opens up the possibilityof refuting or verifying 
Handel’sformulas in a large number of cases,and will result 
in a generalized framework in which all the experimental 
data can be placed. 

Section 11-A formulates and generalizes the Hooge equa- 
tion to all collision-dominated systems involving mobility, 
diffusion, and cross-section fluctuations. It also applies to 
collison-free processes involving vacuum tubes, Schottky 
barrier diodes operating in the thermionic mode and in 
devices such as p-i-n diodes in which collision processes 
are not the determining factor. In those cases, the effective 
number N of carriers i s  better expressed in terms of the 
device current. 

Section 11-6 deals with Handel’s quantum theories of 
I l f  noise. The discussion does not imply validity of those 
equations, but simply states what the theories would pre- 
dict;this istheonlywayinwhichanytheory, including Han- 
del’s, can be verified or refuted by experimental data. Han- 
del‘s theory i s  based on the Hooge equation and gives an 
expression for the Hooge parameter cyH. Theory and exper- 
iment thus deal with the same parameter. The main empha- 
sis of the paper i s  on the generalized framework. 

Section Ill discusses how S,(f) can be expressed in terms 
of cyH. To that end, Hooge’s equation for S,(f) i s  replaced by 
the spectrum of a distributed noise source. In the simplest 
cases one writes down the Langevin equation involving a 
random source term H(x, t), linearizes this equation, solves 
it, and expresses S,(f) in terms of integrals over the cross 
spectral intensity SH(x, x’, f) of H(x, t); the latter in turn, i s  
expressed in terms of the Hooge equation. Sometimes this 
method i s  inadequate and other methods must be used. 
These methods are by themselves not new, but are here 
applied systematically. Some of the applications are new. 

Section IV discusses several cases in which the noise does 
notobeythequantum Ilfnoisetheory. It isshownthat num- 
ber fluctuation noise gives a l l f  spectrum caused by a dis- 
tributionoftimeconstants(McWhorter’s model).This isthe 
case when there are distributed traps in the surface oxide 
(MOSFETs,  BJTs); it results in a current dependence that is 
different from what i s  expected from Hooge’s theory. 

Section V discusses measurements an many different 
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devices. In most cases the predictions made by Handel’s 
theory are verified. This does not necessarily indicate that 
the mathematical derivation of these predictions are cor- 
rect; this remains open to discussion. 

II. GENERAL BACKGROUND OF THE PROBLEM 

A. The Hooge Equation and the Hooge Parameter 

1) Collision-Limited Devices: We first turn to  the Hooge 
equation itself. When a constant voltage V is  applied to  a 
semiconductor resistor of resistance R, a fluctuating cur- 
rent I(t) isdeveloped. Thiscan onlycomeabout becausethe 
resistance R(t) of the device fluctuates. Since 

V = I(t)R(t) = const. 

I f  R and 6R are independent of current, S,(f)/I2 wil l  be inde- 
pendent of current also. This result i s  true for generation- 
recombination (g-r) spectra caused by  traps; they give Lo- 
rentzian spectra of the form const/(l + w * ~ ~ ) .  I t  i s  therefore 
also true for I l f  spectra caused by a superposition of Lo- 
rentzian spectra, as i n  McWhorter’s theory of I l f  noise (Sec- 
t ion IV). But, as we  shall see, the possibility must also be 
left open that there are true l l f  spectra, not caused by such 
a superposition. 

Irrespective of the cause of the l l f  noise, S,(f)/I2 may be 
written as 

Sl(f) const 
1 2  f 

- 

and it may be implied that the noise is caused by resistance 
fluctuations. Clarke and Voss [4], [5] showed the presence 
of such resistance fluctuations in a beautiful experiment. 

The question is now what other parameters enter into the 
constant introduced by (la). Hooge suggested that for a 
rectangular semiconductor the missing parameter was the 
number N of carriers of the sample and wrote the empirical 
formula, now known as the Hooge equation, 

This equation neither proves anything nor predicts any- 
thing, but merely gives an operational definit ion of the 
Hoogeparametera,,. It is  always valid, but  is  only useful if 
one can extract useful information out  of the value of a,,. 

Since a rectangular semiconductor bar of length L and 
cross-sectional area A has a resistance R = L2/(epN), where 
p i s  the carrier mobility, N follows from R, and hence ayH 
from(2). Whenonedoesthis for anumber of different semi- 
conductor resistors of comparable length L ,  one can char- 
acterize the noisiness of the various materials by the param- 
eter aH. Hooge [I] found in  that manner that for many 
semiconductor samples a,, had a value of about 2 x 
nearly independent of the material. Hanafi e t  al. [6] found 
for ten Hg, -,Cd,Te resistor bars wi th  different doping and 
(or) different values of x (but all made by similar tech- 
niques), that aH had an average value of 5 x with a 
spread of less than a factor 2. The near constancy of a,, sug- 
gests that this l l f  noise is due t o  a fundamentalmechanism 
of unknown origin; this is useful information that wi l l  be 
found to  be valid in other situations as well. 

Later it was found [7l, [8] that a,, could be considerably 

smaller than 2 x for sufficiently short resistors ( L  < 
100pm) whereas the Hooge value of 2 x was obtained 
for sufficiently long devices ( L  < 500 pm). A systematic 
experimental study of the dependence of a,, upon the 
device length L ,  which has not been made so far, would be 
very he1 pf u I. 

Hooge gave n o  proof of (2), but  it i s  easily seen that an 
equation like (2), w i th  constant aH, could be expected i f  the 
l / f  noise i s  generated by  N independent carriers. For in that 
case both l a n d  Sl(f) would be proportional to N so that Sl(f)/ 
I 2wou ld  be inversely proportional to N. This would be fun- 
damental noise. 

Since the resistance R i s  inversely proportional to the 
product pN, where p i s  the carrier mobility, there can be 
fluctuations 6p in p and (or) 6N in N, so that, since 6 p  and 
6N are independent 

or 

(3) 

If the fluctuation in p predominates 

and the noise i s  called mobil i ty fluctuation l l f  noise, 
whereas 

if the fluctuations in N predominate; the noise i s  then called 
number fluctuation l l f  noise. In principle either relation- 
shipcan occur, but  in practice mobil ityfluctuation I l f no i se  
predominates in many cases. We come back to that prob- 
lem in Sections IV and V. 

Do (3a) and (3b) result in the Hooge equation? In order 
that this be the case, S,(f) and SN(f) must vary as l / f  over a 
wide frequency range and in addition S,(f)/p* and (or) SN(f)/ 
N2 must vary as 1lN. We come back t o  the spectral depen- 
dencies in Section IV, but  wish to point out  here that the 
latter i s  the case if SN(f) i s  proportional t o  N. 

We shall now show that S,(f)lp2 always varies as 1/N. In 
addition, if each electron, in and by itself, produces I l fnoise, 
the full Hooge equation (2) results. 

The proof i s  simple, as Hooge [9] and van der Ziel et al. 
[IO] have demonstrated. We introduce the short-term 
mobil ityp,of the individual carriers. If Ndoes not fluctuate, 
and the p,’s are independent 

N 

(4) 
I N  

PN = Cl1 c1 = PI F = C L I  
1 = l  

I N  
6p = - c 6 p ,  

N r = l  

so that S,(f)/p* varies as 1/N. In  addition SP,(f)/(pJ2 is inde- 
pendent of N and was postulated to have a l l fdependence. 
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We may then write 

We thus see that for mobility fluctuations the Hooge 
equation is  always valid and that aH i s  defined as ftimes the 
relative mobility I l f  spectrum S,,(f)l(Fi)2 of a single electron. 
This would then be fundamental l l f  noise. 

Because of the Einstein relation eD = kTp, mobility fluc- 
tuations correspond to fluctuations in the diffusion con- 
stant D. Consequently 

(5) 

A Hooge-type equation may therefore also be expected for 
solid-state devices governed by diffusion processes, such 
as occur in p+-n and n+-p junction diodes, p+-n-p and 
n+-p-n BJTs, and Schottky-barrier diodes operating in the 
diffusion mode. Corrections may be needed for degenerate 
systems. 

Since FETs are bias-dependent semiconductor resistors, 
they should show I l f  noise. For devices operating at near- 
zero drain bias the device is  a uniform semiconductor resis- 
tor, but for larger bias the resistor becomes nonuniform 
due to channel pinch-off. For such nonuniform resistors 
one must replacethe Hooge equation by itsdifferential form 
holding for each section Ax at x 

where N(x) is  the carrier density per unit length and l(x) the 
current at x. It is  thus possible to treat the Hooge equation 
asthespectrumof adistributed noisesourceH(x, t). Byeval- 
uating the contributions of individual sections Ax to the 
spectrum Sl(f) of the total current I ,  one can express Sl(f) 
in terms of aH and other measurable device parameters, so 
that aH can be determined for all these devices and the rel- 
ative noisiness of the various noise mechanisms can be 
established. The methods for solving such distributed noise 
problems are discussed in Section Ill. They work so long 
as Ax is larger than the free path length of the carriers. 

There is  one other further noise problem that requires 
attention. In relatively long n+-p diodes part of the injected 
carriers disappears by recombination. In that case the life- 
time 7 of the individual carriers fluctuates. It is  shown in 
Section Ill that for C = 117 (C i s  independent of x) 

Sdx, f) = c2 
fN(x) Ax (7) 

so that this problem can be incorporated into the general 
schematic. 

A related problem is the noise due to fluctuations in the 
contact recombination velocity s,, at an ohmic contact (sen 
= Io’cmls). To that end consider a planar n+-p diode with 
a length wp of the p-region (wp << L,, short diode) where 
L, = (Dn7n)1/2 is  the diffusion length of the electrons in the 
p-region. Then I, = es,,N’(x), and, in analogy with (7) 

where Nee = 1/2 [N(O) + N(wp)]wp is  the effective number 
of minority carriers in the base region (see below). 

A similar effect can occur in the surface recombination 
velocitys in a junction space-charge region or in the surface 
recombination velocity in the base region of a BJT. Here s 
is  usually much smaller than s,(s, = 6 x I O 6  cmls in a con- 
tact on n-type silicon, and s < 1 cmls for a well-passified 
surface on n-type silicon). 

Many papers have been written about samples of non- 
rectangular geometry. For references see Hooge et al. 
review paper [ I l l .  

2) Collision-Free Devices: Up to here we discussed only 
semiconductor devices that were collision limited, so that 
aH was determined by collision processes. We now turn to 
devices in which collisions either do not exist, as in vacuum 
tubes and in Schottky-barrier diodes operating in the 
thermionic mode, or to devices in which collision pro- 
cessesare notthedeterminingfactor,as in long p-i-n diodes. 

In that case a Hooge type equation of the form [12], [I31 

(8) 

describes the l l f  noise. Here a,., may have a different mag- 
nitude than in collision-dominated devices, but N again is  
the number of carriers in the system. This is, e.g., the case 
for vacuum tubes like space-charge-limited vacuum diodes, 
triodes, and pentodes, or saturated vacuum photodiodes, 
and secondary emission multiplication stages, etc. It holds 
for any system in which the N carriers generate I l f  noise 
independently (fundamental l l f  noise). 

Since the current flow is  by injection, //e i s  the number 
of carriers injected per second and N = We is  the number 
of carriers present in the sample. Consequently, if we sub- 
stitute for NI 

aHel 
S/(f) = - 

f7 
(8a) 

where 7 is  the carrier transit time. For an electron traveling 
between two parallel electrodes at a distance dZl, with neg- 
ligible charge between them 

(8b) 

where v, and vl are the carrier velocities at the electrodes 
2 and 1, respectively. For space-charge-limited current flow 
between two parallel electrodes of distance dl 

(8c) 

where d,,, is  the distance between the potential minimum 
and cathode, v1 = (2e/m)”’(V + V,,,)1’2 is  the velocity with 
which the electrons arrive at the anode, V is the anode 
potential, and V,,, the depth of the potential minimum in 
front of the cathode. For a long pi-n diode 7 is  the time con- 
stant associated with the generation and recombination of 
one hole-electron pair. In each case aH can be determined 
from S,(f) if 7 is  known. 

Not all noises in collision-free devices satisfy (8a). 
Whether or not they do, must be determined by comparing 
the measured value of aH with the theoretical values pre- 
dicted in the next section. 

3(dl - dm) 

V1 
7 =  

B. Handel’s Quantum Equations p], [3] 

1) Collision-Free Devices: We first start with a semiclas- 
sical consideration of collision-free devices. Since the only 
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physical process present in such devices isacceleration, the 
observed l l f  noise must be associated with this accelera- 
tion. Now an accelerated electron generates low-frequency 
Bremsstrahlung; since its energy spectrum is independent 
of the quantum energy E for small E, and the number spec- 
trum is found by dividing the energy spectrum by hf, it is 
obvious that this number spectrum varies as Ilf. The near- 
field interaction of an electron with itsown Bremsstrahlung 
will therefore give current l l f  noise in the external circuit 
that is  described by the Hooge parameter a,.,. The effect is 
semiclassical; to evaluate aH one needs wave mechanics. 

Handel uses a somewhat different model. He splits the 
electron wave function into a large unperturbed part and 
a small part that is perturbed by the Bremsstrahlung emis- 
sion. In the calculation the two parts beat with each other 
and so give I l f  noise back. Handel thus finds the following 
[14]: 

The first part is known as the Handelequation. Here c is  the 
velocity of light, AV the vectorial change in velocity along 
the electron path, and a the fine structure constant. For 
motion between two parallel electrodes of distance d12, with 
terminal velocities v1 and v2, AV = v2 - vl and 7 = 2d121(v2 
+ vl), as mentioned before. The main objection to this 
approach is against the beat process. For single electrons, 
in MKS units, where po = 4r X I O - ’  Hlm 

poce2 I 4a Age1 
2h 137 SAf) = - -. (94 a = a0 = - = - 

37r c2 f7 

But in some cases the current flows in charge conglom- 
erates q. Since they are accelerated as a unit, they produce 
Bremsstrahlung as a unit, and hence generate l l f  current 
noise as a unit; consequently e2 must be replaced by q2, or 

a = a0 ($ 
(9b) 

As a first example we consider a space-charge-limited vac- 
uum diode. Here the shot noise is  space-charge-sup- 
pressed by a factor r2 (= 0.10 for normal operation) so that 
S,(f) may be written 

(10) 

corresponding to shot noise of charges q, so that the effec- 
tive charge is  q = er2. Hence the l l f  noise may be written 

S,(f) = 2e1P = 2(er2)/ = 2ql 

4ao 4A$e l  s,(n = - r - - 3* c2 f7‘ 

In vacuum diodes with oxide-coated cathodes the noise is 
masked by l l f  noise generated in the cathode coating, so 
that (loa) is  not verifiable. 

In vacuum photodiodesr4 = 1 (no space-charge suppres- 
sion),Avismuch largerthan in thepreviouscase,and hence 
Sif) becomes 

4a0 A$ el S,(f) = - - - 
3* c2 f7 

(11) 

where 7 = 2d/(v2 + v,) and AV = (v2 - vl). If V, is the anode 
voltage and vl = 0, Sir) varies as I V P ;  this should be mea- 

surable, unless masked by classical I l f  noise due to fluc- 
tuations in the electron affinity of the photocathode (see 
Section V). 

As a second example we take a secondary emission mul- 
tiplier stage [15]-[17]. Let I,, be the primary current of the 
multiplier and 6 the secondary multiplication factor, then 
the output current I = 61,,, so that the current consists of 
charge conglomerates of charge q = 6e. Hence 

4ao ,Age1 
S/( f )  = - 6 - - 

37r c2 f7 
(1 2) 

when 7 i s  the transit time between the secondary emission 
electrode (dynode) and the collecting electrode (anode). In 
secondary emission pentodes this noise is usually masked 
by the l l f  noise, Sdf), of the primary current. The latter can 
be suppressed satisfactorily by appropriate cathode feed- 
back [12], [13], [15], [17]; in that case Sl(f) becomes mea- 
surable. Again, S,(f) varies as l V:”, where V, i s  the potential 
difference between anode and dynode, and this can be ver- 
ified (see Section V). 

In vacuum pentodes cathode I l f  noise is distributed 
between screen grid and anode, whereas partition l l f  noise 
flows from screen grid to anode. The latter is  not space- 
charge suppressed, whereas the former is. Nevertheless, 
the partition llfnoise is  maskedbycathodellfnoise, unless 
the latter is sufficiently reduced by a feedback resistor R, 
in the cathode lead. In that case the partition l l f  noise 
becomes measurable [12], [13], [I81 and i ts  possible quan- 
tum character can be investigated (Section V). 

We have here discussed the predictions made by Han- 
del’s quantum I l f  noise theory for various vacuum tubes. 
By comparing the calculated spectra with the experimental 
data we may then be able to either refute or verify these 
predictions. The experimental data are independent of 
Handel’s equations (9)-(12), and so can serve as indepen- 
dent checks of those equations. 

2) Collision-Dominated Devices: We now turn to quan- 
tum I l f  noise in semiconductor devices. Here the devices 
are collision-dominatedand (9) must be appropriately mod- 
ified: in (9) A$ musJnow be averaged over all collisions and 
be replaced by A$. Bremsstrahlung l l f  noise is st i l l  con- 
sidered the initiating process, however. Since the carriers 
are single electrons or single holes, they always have a 
charge *e; hence the fine structure constant (11 always has 
the value a0 = ll(137). Consequently, for a single scattering 
process, (9) may be written as 

4a A$ AS 
= 2 - = 3.09 x  IO-^ - 

37r c2 C2 
(1 3) 

where the averaging must be performed in k-space over all 
scattering angles 8 and over the electron-velocity distri- 
bution [2], [3], [19]. 

There are different scattering processes possible, each 
having its associated mobility pi and Hooge parameter aHj. 
We then have according to Kousik and van Vliet [20] 

Pi i \ P7 
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Introducing 

and multiplying by p2 yields 

We now have the following semiclassical processes: 
aJ Normal Collision Processes (Acoustical Phonon 

Scattering, Optical Phonon Scattering, Impurity Scattering): 
Calculating the aK's and P;S for each of these processes, 
Kousik and van Vliet found an = 3.3 x lo'' for n-type Si 
at  T = 300 K (mostly acoustical phonon scattering) and an 
= 1.6 x lo - '  for n-type CaAs at T = 300 K (mostly optical 
phonon scattering). 

Approximate values can be found by assuming elastic 
scattering 1191. In that case the change in velocity AV = 2v 
sin 8 has a mean square value 

6kT ~2 = 4 2  (sin' e) = 2 2  = - m* 
- -- - 

for a Maxwellian velocity distribution, or 

4a0 6kT 
an = -- 3a mac2' 

(14) 

For n-type silicon m' = m and ann = 0.94 X lo-'; for p-type 
silicon m:,, = 0.241m and an = 3.9 x 10.' whereas for 
n-type CaAs m' = 0.067m and mnp = 1.4 x 10.'. In all these 
examples, T = 300 K, and m i s  the mass of the free electron. 

p-type silicon has three types of holes with mass m; = 
0.49m, m: = 0.241% and m: = 0.16m. where m i s  the mass 
of the free electron. If it i s  assumed that each hole type 
occurs with equal probability, then 

(14a) 

The approximation is often not very reliable, asthe exam- 
ples show; thevalues fora,, asobtained bytheKousik-van 
Vliet method [2], [3], [19], (201 are much more accurate. Com- 

inverted MOSFET channels 1191. In that case, Kousik et al. 
find = exp (-0,94T), where €3, is the Debye tem- 
perature. 

c) Intervalley Scattering l l f  Noise E], 131, EO]: In mate- 
rials such as n-type CaAs the energy E versus the wave vec- 
tor k has a complex structure. First there i s  a'band having 
E(k) = 0 at k = 0, which i s  the normal conduction band, and 
then there are six bands having minima E;(k) at  k = k,(i = 
1-6) that lie higher than the minimum of the conduction 
band. Transitions are now possible from the bottom of the 
conduction band (k = 0) to each of the intervalleys at k = 
k,; these are random processes, involving changes in veloc- 
ityAv;and hencegiving rise tollfnoise; they arecalled inter- 
valleyscattering noise. An equation of the type (Ea) results, 
but with pv replaced by the intervalley scattering plnt and 
pnu replaced by the intervalley scattering noise parameter 
anin,, It now turns out for weakly doped n-type silicon that 
(pip,.,)' is much larger than (p/pJ', that anin, is somewhat 
larger than an", and that both are much larger than annorm. 
As a consequence, the intervalley scattering noise may pre- 
dominate. Materials like p-type silicon have no intervalleys 
and hence no intervalley scattering noise and only the nor- 
mal  collision l l f  noise should be present. Materials like 
n-type Si have no central valley, but six equivalent valleys 
at k; # 0. One can now have Umklapp scattering due to pro- 
cesses k; - -k; with k; = -k,, and valley-valley scattering 
processes k, - k;, with k; + -k,. 

dJ Intervalley Scattering + Umklapp Scattering l / f  
Noise (c-process) [271: Here an intervalley scattering pro- 
cess is  followed by an Umklapp transition to an opposite 
or adjacent intervalleyinvolvingachange in momentum Ap 
= hla. This must be considered as a single scattering pro- 
cess with (A&)' = h'/(m*ad2. A calculation shows that 
p/pc can be approximated by exp (-8d4T). where 8,  is the 
Debye temperature of the material (645 K for Si). Hence [211 

+ ($)no,m [l - exp (- %)I] (15b) 

bining both considerations yields an estimated value anp since P . q  = ,,;I + pi;,m, The last term involving (A+/cz)no,m 
= (2-3) ann, or anp = (6-10) x is  usually negligible. 

bJ Umklapp Processes 121, [3], [191, POI: In an Umklapp The first term of (15b) corresponds to the van der Ziel- 

processan electron 'pa momentum h/a to Handel [19] heuristicformulaforUmklappl/fnoiseandthe 

scattered into the next Brillouin zone; here a i s  the lattice forweaklydoped n-type si, but should beabsent forweakly 
spacing. Hence AV = h/(m*a) and p-type S i  because it has no intervalleys. It could also hold 

ticeoraccepta momentum h/a from the lattice,while being derivation gives it a firmer theoretical basis. it should hold 

(15) 

This involves an interaction with several acoustical pho- 
nons. 

For collision processes involving electrons in relatively 
weakly doped n-type or p-type material (see (13b)) 

(here pu i s  the Umklapp mobility and P,,,, the normal 
mobility). The term (pip.)' i s  very small and hence the first 
term in (15a) is negligible. However, Umklapp l / f  noise 
might be a significant effect in degenerate semiconductors 
or metals, in narrow-gap semiconductors, and in strongly 

. .. 
for degenerate materials, narrow-bandgap materials, and 
for strongly inverted MOSFET channels. 

e) Coherent State l/f Noise p21, P31: In (13) A&? is 
much smaller than unity and hence an << 3.09 x It 
should therefore be clear that an values as large as (2-5) X 
10.' cannot be explained by Handel's equation. Only in 
Umklapp processes involving carriers with very low effec- 
tive masses m* (as in Hg, ~j Cd, Te) can A$k2 be so large 
that there isa small relativisticcorrection [24] to(13). Hence 
the large observed values of an for long semiconductor 
resistors cannot be explained in this manner. 

Handel has proposed [22], [23] a different fundamental 
mechanism,called "coherent state"quantum l/fnoise.The 
term "coherent state" i s  a wave-mechanical term and the 
process itself i s  difficult to explain, and we are not making 
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an attempt here.The result, however, isverysimple; Handel 
predicted 

(1 6)  

in close agreement with some experimental values (2-5) x 
Whether or not this i s  a coincidence remains to be 

seen, but at least it explains how Hooge’s result might indi- 
cate a fundamental process. 

Whereas Hooge’s result holds for long resistors, it has 
also been found that aH can be of the order of 10-6-10-9 
for short devices [25], [26], [I91 like short FETs and BJTs. 
Hence there should be a transition from “high” l / f  noise 
(2 x to ”low“ I l f  noise (10-6-10-9) when going to 
shorter lengths. Handel [23] has proposed aformulafor this 
transition, but it can only be tested when reliable experi- 
mental data have been obtained. 

3) Ballistic Devices: We next return to a collision-free 
device: the n-type Schottky barrier diode operating in the 
thermionic mode. The electrons with a forward velocity v1 
> vo can pass the potential barrier and contribute to the 
forward current. Here 

v, = [e(Vdiff - ~ ) / m * ] ’ / ~  (17) 

where (vdifi - V) i s  the barrier height and m* the effective 
mass. The electrons passing the space-charge region are 
decelerated and hence produce I l f  noise. Trippe gave a 
computer solution of the problem [27l whereas Luo et al. 
[28] gave a solution in closed form. 

To outline their approach we write the second part of (9) 
in differential form, put AV = v1 - v,, and 7 = 2dl(vl + v2), 
where v, is the initial velocity (at x = 0) and v, the final veloc- 
ity at the barrier (at x = d), and d the width of the barrier. 
This yields 

4Oro (v, - v2jz edl,, 
dS/(f) = (v, + v2). (18) 3a c2 2fd 

Here dl,, = e vldn A i s  the differential current, A the cross 
section of the device, and dn the number of electrons arriv- 
ing with an initial velocity between v1 and v1 + dv, 

where Nd is  the donor concentration. Moreover 

4 = 4 - 2e (Vdif - V)/m*; (vl - v212 (v, + v2) 

= (v, - v,) [2e(Vdif - V)lm*l 

where eo and E are the MKS conversion factor and the rel- 
ative dielectric con’stant, respectively. Integrating between 
the limits vo and 03, Luo et al. [28] found 

4) Described in Terms of  an Energy E [29]-[32]: We 
finally discuss a set of processes in which-3 can be 
described in terms of an energy E such that AV’ = 2Elm*, 
where m* i s  the effective mass. 

In that case aH may be written 

4Cuo 2E 
Q H = - -  3 r  m*c2‘ (20) 

The question is to find the energy E. We give several exam- 
ples. 

a) Fluctuation in Carrier Injection Across ]unction Bar- 
riersp9]-[37]: If there are no collisions, E = e(Vdif - V) where 
(Vdif - V) i s  the barrier height in electron-volts (the refer- 
ences have an additional term 3kTl2 that should be 
removed). If there are collisions, the energy E i s  lost in steps 
and ? must be replaced by EA?, so that (20) might still be 
valid if CA? = E2AE/m* = 2E/m*. It i s  doubtful that this will 
be the case. 

b) Recombination of  Electrons and Holes in the lunc- 
tion Space-Charge Region: This i s  a two-step process, 
involving the subsequent capture of an electron (mass 
m:) and a hole (mass m;). Van der Ziel and Handel [29], [30] 
find for the collision-free case 

if the capture of an electron and a hole are independent 
events. This may need correction if the two events are cor- 
related. 

c) Recombination of  Electrons in the p-region of  an  
n+-p Diode:According to van der Ziel[31] E = 312kT because 
the captured electron arrives with an average kinetic energy 
3/2kT. But it might also beargued that an “activation energy” 
E, should be added with E, = 112 Ego for traps at midband 
and E, = E,, for direct band-to-band transitions; here Ego i s  
the band gap. 

d) Recombination at Surfaces and at Contacts [32]: This 
problem is  similar to case c). Van der Ziel et al. [32] added 
a term E, = E,, for contact recombination. This should be 
replaced by [E,, - (Etl] where Et i s  the Fermi level, since the 
electron drops from the bottom of the conduction band in 
the semiconductor to the Fermi level in the metal at the con- 
tact. 

None of the processes a)-d) have been observed so far 
[33]. It seems that this problem requires further scrutiny, 
especially the presence of the activation energy E, [c), d)] 
and the degree of correlation between subsequent electron 
and hole captures b). 

5) Summary: We have now discussed most of the pre- 
dictions made by Handel’s quantum l l f  noise theory. We 
shall see in Section V whether these predictions can be 
refuted or verified by experiment. 

The spectra S,(f) of the collision-free devices are all pro- 
portional to the current I. That is a direct consequence of 
the Hooge equation and comes about because the number 
N of carriers in the system is proportional to 1. We shall see 
in Section Ill that the same is true for diffusion-dominated 
junction devices like n+-p and n+-p-n and p+-n-p BJTs, all 
at strong forward bias, and we shall also see that it comes 
about because the minority carrier density N(x) per unit 
length at x i s  proportional to the current 1(x) at x. 

Nevertheless, there are many cases on record where the 
l l f  noise spectra of junction devices vary as /?If with y > 
1. It should be clear that in such cases the noise cannot be 
described by the Hoogeequation. It i s  also found that MOS- 
FETs show a bias dependence Sl(f) different from what is 
predicted in Section Ill-A; apparently the Hooge equation 
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is not valid in these cases either. We shall see that in those 
cases traps in the surfaceoxideare responsible (Section IV). 

Another feature that can be explained by traps i s  that the 
llfnoiseof manydevices mayvarystronglyfrom unitto unit 
and from batch to batch. It comes about because the I l f  
noise i s  proportional to the trap density and will therefore 
vary if that density varies. 

On the other hand, the diffusion or mobility l l f  noise in 
BJTs or FETs under comparable conditions (i.e., for com- 
parable interaction processes)all have the samevalueof aH. 
This i s  not a consequence of Handel’s quantum l l f  noise 
theory, but comes about because comparable devices are 
subjected to identical diffusion or mobility fluctuation pro- 
cesses, even from a classical point of view. As a conse- 
quence the uH’s should be identical. 

Since the trapping l / f  noises in BJTs have usually a dif- 
ferent current dependence than the quantum I l f  noise, it 
is often possible to discriminate between the two types of 
processes. 

111. USING HOOCE’S I / f  EQUATION AS A LANCEVIN NOISE 
SOURCE 

We saw how for a uniform semiconductor resistor R of 
length L and cross-sectional areaA the parameter CY,, could 
be directly evaluated with the help of definition (2). Things 
are less simple for nonuniform devices such as JFETs and 
MOSFETs at arbitrary drain bias, junction diodes, p+-n-p 
and n+-p-n BJTs, and Schottky-barrier diodes. In nearly all 
these cases a generalized Langevin approach can be used, 
in which Hooge equation (2), in a distributed form, is used 
to give an expression for the cross-correlation spectrum of 
the Langevin (distributed) noisesourceH(x, &Theapproach 
is  in itself not new, but i s  hereapplied to thevarious devices 
mentioned before, so that the analogy between the various 
applications becomes obvious. It then also becomes clear 
why in some cases a modified approach must be used. 

For a section Ax at x of a nonuniform device (2) may be 
written 

where N(x) is the carrier density for unit length at x and CY,, 

is assumed to be independent of x. Usually I(x) i s  inde- 
pendent of x, but in long n+-p diodes (”long” means that 
the length wp of the pregion is large in comparison with 
the electron diffusion length L, = (D,~n)”z), I(x) depends on 
x. We shall see that this requires a modification in the 
method of approach. 

Consequently the cross-correlation spectrum of the dis- 
tributed Langevin noise source i s  

One can now write down the Langevin equation of the 
system, linearize it, integrate with respect to x over the 
device length L, apply the boundary conditions at x = 0 and 
x = L,  and express the resultingexternal current fluctuation 
6/(x, t)  in terms of the integral of H(x, t) with respect to x.  
One then transforms to spectra, carries out the integration, 
and obtains S,(f). 

We give several examples in the following sections. 

A. FET (MOSFET and]FET) 

The Langevin equation is 

(22) 

where Id = I,,,, + AI&) i s  the current in the channel, V = Vo 
+ AV(x, t)  the voltage distribution along the channel, and 
H(x, t)  the random source function. Substituting for Id  and 
V and neglecting second-order terms yields 

A/,&) dx = @(V,JAV(x, t)] + H(x, t)  dx. (22a) 

We now h.f. short-circuit the drain to the source, so that 
AV(0, t) = Av(L, t) = 0 for all t, integrate with respect to x 
for constant t, and divide by L; this yields 

A/d(t) = J L  H(X, t) dx 
L o  

This holds for both thermal noise [34] and l l f  noise [35]. In 
the latter case 

or 

(23) 

for v d  < vds. This result was already obtained by Klaassen 
[35]. If  CY^ is independent of (Vg - Vr) the result holds for 
arbitrary v d  as long as the device i s  not saturated; if CY,, 

depends on (Vg - Vr), a suitable average aH must be taken. 
For small vd, (23) i s  always correct because the device acts 
as a uniform resistor. 

B. Short p+-n Diode (w, cc Hole Diffusion Length Lp) 

The Langevin equation may be written 

dP 
Ip = -eD - + H(x, t). 

dx (24) 

Substituting I p  = I p o  + A/,(t) and P = P,,(x) + AP(x, t) yields 

dP0 I = -eD - 
PO dx 

AlP(t) dx = -eop dAP(x, t)  + H(x, t)  dx. (24a) 

If the device is h.f. short-circuited AP(0, t) = AP(w,, t)  = 0. 
Carrying out the integration yields 

in complete analogy with the FET case. But, according to 
Hooge we have 
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One might argue whether fo(x') should be replaced by the 
excess hole concentration fh(x'). We believe that this should 
not be done, because one cannot distinguish between 
"normal" holes and "excess" holes. Moreover, experi- 
ments seem to favor fo(x? rather than fh(x') (see Sec- 
tion V). 

Carryingoutthe integrationsyields, sinceIPo = -eDPdfd 
dx, 

where Tdp = 4/2Dp is the diffusion time for holes through 
the n-region. This is the well-known Kleinpenning-van der 
Ziel result [36]-[38]. Similar equations hold for n+-p, 
n+-p-n, and p+-n-p devices with slightlydifferent boundary 
conditions. Wecome backtothat in Section Ill-D. However, 
the method breaks down for long diodes (w,, >> lp), as is  
shown in Section Ill-D. It i s  interesting to note that SIp(f) i s  
approximately proportional to Ipo. 

The I / f  noise investigated in this model i s  diffusion I l f  
noise. If the current flow i s  by generation-recombination 
in the junction space-charge region, a different approach 
is needed [29], [30]. 

C. Diffusion l / f  Noise in n-Type Schottky-Barrier Diodes 

The Langevin equation i s  now, if x = 0 at the metal elec- 
trode, 

(26) I = ep,N(x)F + eD, - + H(x, t) 

wherep,and D,arethemobilityand thediffusion constant, 
respectively, N(x) the carrier density for unit length, F = 
-d$/dx the field strength, $(x) the potential at x, and 
H(x, t) the random source function. 

Multiplying both sides by the integrating factor exp 
[-e$(x)/kT] dx, putting kTp = eD, and substituting for F(x) 
= -d$/dx yields 

dN 
dx 

I exp (-$/kT) dx = D,d[N(x) exp { -e$(x)/kT}] 

+ H(x, t) exp [-e$(x)/kT] dx. (26a) 

If the device is now shortcircuited for h.f., and we put 

I = Io + AI(t) $(x) = $O(X) + A$(x, t) 

N(x) = N&x) + AN(x, t) 

then AN(0, t) = AN(d, t) = 0 and A$(O, t) = A$(d, t) = 0 for 
all t. Integrating with respect to x between the limits 0 and 
d, eliminating second-order terms, and equating the dc 
terms and the noise yields 

A/(t) = - I d  S H(x, t) exp [ - 71 e$o(x) dx 
I1  0 

where 

so that 

* exp [ - r] e$o(x') dx dx'. 

This corresponds to the previous cases, except for the 
weighting factors 

e$o(x) exp [- F] and II. 

According to the Hooge equation we have 

Luo et a/. [28] evaluated the integral and found 

2 e3CY~pNJvdif - v)/o 
S,(f) = - 

3 ccokTf * 
(29) 

Note that this noise spectrum again varies approximately 
as Io. Van der Ziel applied this method to evaluate shot noise 
in Schottky-barrier diodes using the appropriate shot-noise 
source for SH(X, x', f) [39]. 

D. Transfer Function Method for Diode l/f Noise 
(lransmission-line Method) 

We consider an n+-p diode having an arbitrary length wp 
of the p-region. We further assume that the device elec- 
trodesare h.f. short-circuited; the noisecurrent in theexter- 
nal circuit then equals the noise current at the junction (x 
= 0). However, since the l / f  noise i s  a distributed noise 
source, the noisegenerated atxmust propagateto the junc- 
tionatx = 0. Ifxiscomparabletow,thispropagation results 
in an attenuation. As a consequence, the calculation for the 
diode noise must be redone by another method. We dothis 
first for the diffusion I l f  noise sources. 

Let Id&) be the electron current in the section Ax at x in 
the p-region and 6AId,(x, t) i t s  fluctuation. If QHnd i s  the dif- 
fusion Hooge parameter then 

(30) 

where N(x) is the carrier density for unit length at x. The 
current generator 6Aldn(x, t) i s  connected in parallel to Ax. 

We now apply the transmission-line method (see [40], 
[41]). Since (AxleD,) is the "equivalent resistance" of the 
section Ax, as "seen" by 6A/dn(x, t), the fluctuating carrier 
density SAN(x, t) in the section Ax is  

(30a) 

This, in turn, corresponds to a current generator 6AIdj(x, t) 
at the junction, where (see Appendix II) 

Here Z, = L,/(eD,) i s  the "characteristic impedance" and 
yo = IIL,, the "propagation constant" of the "equivalent 
transmission line" describing the diffusion. Moreover, L, 
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= (Dn7,,)’/’ i s  the electron diffusion length, D, the electron 
diffusion constant, and 7, the electron lifetime, all in the 
p-region. Hence 

By integrating with respect to x between the limits 0 and wp 
we obtain S,,(f). 

We first consider a shortdiode (wp << L,,). Then cosh yo(w 
- x) = 1, sinh rowp = yawp, and /dn(x) = Id, so that 

WP 1 
= - 1; 1 SH(x, x‘, f) dx  dx’. (31a) 

4 0  

This is identical with the Langevin approach [Section Ill-B] 
[373, [38], and that is as expected, because in short diodes 
there is no attenuation. 

We next consider a long diode (wp >> L,,). Then the upper 
limit of integration may be replaced by 00, whereas 

cosh yo(wp - x) - exp yo(wp - x) 
= exp (-y,,x). - 

sinh rowp exp (YOWp) 

Hence 

. exp (-y,,x’) dx dx‘. (31 b) 

Since these integrals have a built-in attenuation factor 
exp (-2y,,x), they cannot be derived by the Langevin 
method. 

Substituting for &x) yields, i f  U = exp (-y,,x) 

(32) 

where lo = e(Dn/7n)’/2 Np is  the back saturation current, Np 
the equilibrium concentration of electrons in the p-region, 
Id  = loa, a = exp (eV/kT) - 1 = N’(O)/N, and 

1 1 1 1  
3 2a a’ a3 
- - - + - - - In (I + a)]. (32a) 

This was already derived by van der Ziel et al. [32]. 
Kleinpenning [37] omitted the attenuation factor exp 

(-2y,,x). Carrying out the integration one then obtains the 
same equation but with a different factor Aa) 

In (1 + a) . (32b) 1 au 
o d u + I  

It is the merit of the transmission-line method that it intro- 
duces the attenuation factor exp (-2yg) automatically. 

If we replace N(x) by N’(x) in the expressions for S,,(f), we 

must replace (au + 1) by au; fla) then follows from 

1 
fla) = u2 du = - (32~) 

(plus sign for forward bias, minus sign for back bias [32], 
[411). 

It must be decided by experiment which of these expres- 
sions for Aa) i s  valid. 

s: 3 

E. Recombination l/f Noise in a Long n+-p Diode [31], [41] 

We now turn to recombination I l f  noise for the p-region 
ofalong n+-pdiode(w,lL, >> 1). If N’(x)istheexcesscarrier 
density for unit length at x then AN’(x) = N’(x)Ax is the num- 
ber of excess carriers in the section Ax. Consequently, the 
recombination current Al,(x) disappearing in the section Ax 
at x is 

Al,(x) = AN’(x) eh,, (33) 

where 7, is the electron lifetime in that section. 
Because the electron capture cross section of the traps 

in the p-region fluctuates, the lifetime 7, fluctuates and 
hence Cn = Ih,, will fluctuate. The current fluctuation dis- 
appearing in the section Ax at x i s  therefore 

where, in analogy with Hooge’s equation (2) 

or 

(334 

(33b) 

whereAN(x) = AN’(x) + AN,andAN, isthenumberof equi- 
librium minority carriers in the section Ax. We shall prove 
these relationships in a moment. 

Since N(x) = ANIAx, we have in case a) 

AS,,(f) = Al;(x) crHnr 
fAN 

(34) 

But according to the transmission-line model, the fluc- 
tuation current disappearing in the section Ax at x corre- 
sponds to a current fluctuation 6Al(x, t) at the junction, 
where (see Appendix I I) 

6Al(x, t) = 6AlR(x, t )  exp (-y& (344 

where fla) has the same meaning as before. For case b) we 
find instead Aa) = f 1/3 (plus sign for forward bias, minus 
sign for back bias). The total noise is therefore 

By measuring S,(f) we can only determine the sum ((YHnd + 
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According to (40) aHnr i s  very small (=0.5 x IO-’) for 
electrons in p-type silicon. 

We now prove case b). We write (33) as 
ANYx) 

i = l  
AIR(x) = e AN’(x) CJx) = e CJx) (36) 

or, by taking averages on both sides, 
- -  
c, = c,; (36a) 

for all i fs, since all Cn:s fluctuate independently. 

tuate 
Next we consider fluctuations. Since AN’(x) does not fluc- 

AN’(x) 

bA/R(x, t) = e ,x 6C,(x, t) (36b) 
, = 1  

or 
AN’(x) 

AS/,(x, f) = e’ , = 1  S,,,(f) 

= e2AN‘(x) SCni(f) (36~) 

so that 

because c, = and S C n i ( f ) / ( ~ ) ’  i s  independent of ANYx) 
and hence equal to aH/f. 

Case b) assumes that only the lifetimes of the individual 
excess minority carriers fluctuate. Since one cannot distin- 
guish between equilibrium minority carriers and excess 
minority carriers, it is more likely that the lifetime of each 
minority carrier fluctuates. But that corresponds to replac- 
ing AN’(x) by AN(x); we then obtain case a). 

F. Recombination I/ f  Noise in the Base Region of  a BIT 

This problem can also be solved by the transmission-line 
model. Consider an n+-p-n BIT with a base-length wB. Let 
theequilibrium electron concentration and the excess elec- 
tron concentration ”(w,) at x = w, be small in comparison 
with the excess electron concentration ”(0) at x = 0. Then 

eN’(x)Ax 

7, 
A/,(x) = - 

r 

(37a) 

whereas the noise in the section Ax has a spectrum (see (34)) 

According to the transmission-line theory the transfer func- 
tion is (Appendix II) 

(37c) 
sinh r o ( w ~  - x) = ( iB) I-- 

sinh yowB 

for small yowB. Consequently 
WE 

S/,,(f) = so SAiR(x, f) dx 

Substituting for lBr yields 

This result has not been published before. 
According to the end of Section ll-B4 

(38) 

(39) 

Since kT/e = 25 mV, aHnr = 0.5 x I O - ’  for electrons in 
p-type silicon. 

Thecompeting l l f  noise mechanism in n+-p-n BJTs is  due 
to hole injection from the base into the emitter followed 
by diffusion toward the emitter contact. The base current 
/@, i s  associated with this process. Hence by analogy with 
(254 

(41 

where aHP = (6-10) x I O - ’  (see Section V), IBP >> 161, and 
the diffusion time 7dp = W:/2Dp << 7,. In the base region 
rdn = W$2D, and 7dn/7, = Wil2 L; << 1 (for n+-p-n BJTs with 
a large &), whereas 7dp and 7dn are comparable. Conse- 
quently, Sl,(f) >> SIB,(f), so that the recombination effect 
in the base is  generally a negligible source of l l f  noise. 

G. Fluctuations in the Contact Recombination Velocity at 
the Contact to the pRegion of  a Short n+-p Diode 

If a short n+-p diode has a length of wp of the p-region 
and the ohmic contact to the p-region has a contact recom- 
bination velocity s,, for electrons then the electron current 
i s  given by 

eD 

WP 
lnO = [N’(O) - N’(wp)] = es,,N’(wp) (42) 

where ”(0) and N’(wp) are the excess electron concentra- 
tions at the junction (x = 0) at the contact (w = wp), respec- 
tively. Solving for N’(wp) yields N’(wp) = ~D,,lwp~N’~O~l~sc,, + 
D,lwp), and 

= eN’(0) 5 [I - 
wp Scn + DJWp 

where s, = 6 x I O 6  cmls for electrons in Si, and sCp = 4 x 
I O 6  cmls for holes in Si. 
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If s,, fluctuates, lnO fluctuates and hence into the emitter and diffusion through the emitter region 
toward the emitter contact. Then 

(s, WE) 

Dn Dnlwp scn (L) (43a) 

(45c) 
61no = eN'(0) - 

P(O)/P(w,) = 1 + wp [s,, + D,/wPJ2 scn . 
For an n+-p S i  diode with wp = 1 pm we have D,lw, << s,. 
Hence in first approximation we may replace (sen + Dn/wp) 
by sCnr so that 

Dn I ,  = eN'(0) - 
WP 

and 

Consequently, according to (7a) 

(43b) 

where Neff = 1/2 N'(0)wpandaHsisgiven by(40).Substituting 
for NeH yields, if 7dn = $12 D, 

This result has not been published before. 
For electron diffusion l l f  noise in the p-region (see (25a)) 

Here (YHd and aHs can have comparable values and In [N(O)l 
N(wp)] = 3-4 (see next section) so that (44a) i s  smaller than 
(44b) by a factor 

for wp = 
ison with (44b). 

cm. Therefore (44a) is negligible in compar- 

H. Evaluation o f  [N(0)/N(wp)] and its Application to 
Transistor Noise 

n+-p diode 
According to the previous section we have for a short 

(45) 

for large forward bias, [exp (eV/kT)] >> 1 and "(0) >> Np, 
and N'(wp) >> Np. In that case (45) may be written [31] 

(454 

or 

S/"( f) = aHn - elno In [ 1 + - (45b) 
f7dn 

where 7dn = wJ2Dn. Here Sl,(f) i s  the l l f  diffusion noise 
(25a). 

This iseasilyapplied to an n+-p-n transistor. Herethe base 
current lB i s  normally due to hole injection from the base 

" P  

whererdp = wd2Dpand  isth the length oft he emitter region. 
Forthecollectorcurrentl,ofan n+-p-n transistorthecur- 

rent flow is  due to electron diffusion through the base 
region. It i s  usuallyassumed [31] that theelectrons leavethe 
base region with the limiting velocity v,, (=IO7 cmls); more 
exactly, the velocity in question is the electron velocity in 
the collector space-charge region. We must then replace 
s,, by v,,, P by N, p by n, IC by I s ,  and w, by wB, so that 

In short n+-p Hg, -, Cd, Te photodiodes one needs to 
known N(O)IN(w,) for zero near-zero bias or for back bias. 
Equation (42) must then be rewritten as 

In0 = eD, [No --pN(wp)] = es, [N(w,) - N,] (46b) 

where Np = N(0) exp (-eV/kT) = An;/N, i s  the equilibrium 
hole concentration for unit length. HereA is  the cross-sec- 
tional area of the diode, ni the intrinsic carrier concentra- 
tion, and N, the acceptor concentration in the p-region. 
Then by substituting for Np and solving for N(wp) 

1 + Dn/scnwp 

1 + (D,,/s,,w,) exp (-eV/kT) 
(46d) -- - N(O) 

N(wJ 

where V is the applied bias, I,, = lo[exp (eV/kT)] - 1 

CD,,/wp b c n  
lo = eN, 

s, + DJwp' 

For large negative bias lnO = - lo and N(0)IN(wp) = exp 
[-e I VIlkT]. 

IV. NONFUNDAMENTAL l l f  NOISE SOURCES 

Nonfundamental noise sources are noise sources that 
involve carrier trapping by and carrier detrapping from 
traps. These traps may be in a conducting channel, in a 
space-charge region, or in a surface oxide, and may cause 
Lorentzian or l l f  type spectra. They are called "nonfun- 
damental," since the magnitude of their spectra i s  pro- 
portional to the trap density; the noise effect can thus be 
strongly reduced by eliminating most of the traps. On the 
other hand, the various scattering l l f  noise sources in col- 
lision-dominated devices and the Bremsstrahlung I l f  noise 
in collision-freedevices are essential to theoperation of the 
device, and hence should be called "fundamental." 

A. The McWhorter Theory 

The earliest theory of flicker noise (Schottky, 1926) [42] 
involved a process governed by a time constant 7. The Lan- 
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gevin equation of the process whereas 
- 

dX X - + - = H(t) 
dt r 

yields the spectrum 

(47) 

- 
(474 

? 
Sx(f) = S,(O) 2 = 4x2 7 

l + w ?  1 + w2P 
- 

where X2 = SH(0)7. Such a spectrum is  called a Lorentzian 
spectrum. A good example is trapping and detrapping of 
electrons by surface traps, as in the MOS capacitor of MOS- 
FETs, in thesurfaceoxideon the baseofaBJT,on thesurface 
of the space-charge region of a p-n junction, or in the bulk 
space-charge region of a JFET. 

A single trap level of time constant 7 can be described by 
(47); hence the number fluctuation spectrum is  in analogy 
with (47a) 

(47b) 

where ahr2 i s  the variance of the fluctuation A N  in N, the 
number of carriers in the sample. By analogy we have for 
discrete, multiple-trap levels 

(47c) 

These spectra are called generation-recombination spectra 
(g-r for short). Such spectra are often found in Si-JFETs, 
where they can mask the small amount of l l f  noise present 
in such devices. 

It soon becameclearthatthespectrumwasllfratherthan 
Lorentzian, and efforts were made to develop models for 
l l f  spectra. Gradually the idea emerged that a proper dis- 
tribution in time constants 7 might explain the spectra. The 
idea was first proposed by von Schweidler for the theory 
of dielectric losses; hecould then explain whytan 6 i s  nearly 
independent of frequency over a wide frequency range 
(1907) [43]. Gevers (1946) applied this theory to his experi- 
mental dielectric loss data [44]. Later the idea was applied 
by du Pie [45] and by van der Ziel [46]. McWhorter [47l 
applied it to semiconductor devices and made it very pop- 
ular; for that reason the l l f  model still bears his name. 

If one has a time constant distribution g(7) dr, then by 
analogy with (47~) 

where 

jom g(7) dr = 1 (normalization). 

In particular the normalized distribution: 

g(7) d7 = 0, otherwise 

yields the I l f  spectrum 

S,(f) = - AN2 
f In (T~/T, ) '  

for 1/7, < w < l/r l  (49) 

- 

S,(f) = ~ 

(49b) 

so that SN(f) i s  constant for wr2 << 1 and SN(f) varies as 
l l f 2  for wr l  >> 1. Equation (49a) was observed on CdHgTe 
samples in which the surface had been cleaned by sput- 
tering in a mercury discharge; apparently the sputtering 
removed the surface centers with long time constants [a ] .  
Equation (49b) was observed by Suh and van der Ziel [49] 
in GaAs MESFETs; this i s  one of the many different types of 
spectra observed in these devices [50]-[52] and therefore 
not much emphasis should be placed on a particular one. 

In most cases r2 i s  so long and 7 so short that only the 
l l f  part of the spectrum is  observed. How can one then be 
sure that the l l f  spectrum is  really due to a distribution of 
Lorentzians? By going to samples of very small area (= I-pm 
diameter). The effective number of traps in the system then 
becomes so small that individual Lorentzians become vis- 
ible. 

How can adistribution function of the form (48a) be real- 
ized? There are two obvious possibilities: a) excitation from 
trap levels with activation energies E, (distribution in E,) [43]- 
[46], and b) tunneling to trap levels inside surface oxide at 
depth z (distribution in z) [47. 

Case a): Since the time constant 7 depends exponentially 
on E, 

7 = ro exp (g) 
7' = To exp (3) 
r2 = rOexp (%) 

and the distribution function 

and zero otherwise. This i s  possible for migrating ions with 
a distribution in activation energies, but i s  impossible for 
a distribution of trap levels in the energy gap of a semi- 
conductor. 

The reason is  simple. All traps a few kTabove the Fermi 
level are empty and all traps a few kTbelow the Fermi level 
are filled. The spectrum thus consists of two somewhat 
smeared-out Lorentzians, one due to transitions from the 
Fermi level to the conduction band and the other due to 
transitions from the Fermi level to the valence band. Con- 
sequently bulk number fluctuations in semiconductors 
cannot give l/f noise. 

Case b): Since the process i s  due to tunneling, 

r2 = r1 exp (yz,) 7 = r1 exp (yz) 

and zero otherwise. Here y is the tunneling parameter 
(= 10' cm-') and zo is the average distance between traps. 
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Jindal and van der Ziel[53] have proposed a McWhorter 
model for the interaction of electrons and acoustical pho- 
nons. While a l l f  spectrum results, it seems unlikely that 
it can extend to sufficiently low frequencies. The Kousik- 
van Vliet model, based on Handel's theory, i s  a more likely 
candidate, as we shall see in Section V. 

B. l / f  Noise in MOSFETs [54]-[58] 

In MOSFETs electrons tunnel from traps in the oxide, at 
a distance z from the interface, to the conducting channel 
and vice versa. As a result, the number of trapped electrons 
AN,in avolumeelement AxAyAzin theoxidefluctuateswith 
a mean square value 

- 
6AN: = ANT(€) A€ AxAyAz f,(I - f,) (51) 

where ffistheFermi function and ANT(0thenumberoftraps 
per unit volume with an energy between E and A€. Since 
r = 70 exp (yz) is the time constant of a trap at z, where 
y( =lO8lcm) i s  the tunneling parameter of the traps, one has 
for the spectrum 

SAN,(f) = 4NT(€) AEAxAy Azff(l - fJ (51a) 

and hence by integrating with respect to the trap energy 
E, the distance z, and y, one obtains [56], [57l 

1 + w2? 

(51 b) 

where NT(Ef) i s  the trap density per unit energy at the Fermi 
level. 

At arbitrary inversion, according to Jindal and Reimbold 
[56]-[58] the spectrum of the number fluctuation 6AN is 

where 

(52a) 

Here C,, = e2N/kT is  the channel charge capacitance per unit 
area, Cdthe depletion capacitance per unit area, Cs, the sur- 
face state capacitance per unit area; Cox is the oxide capac- 
itance per unit area, and N the electron density in the chan- 
nel per unit area. Furthermore 

cn _ -  6A N - -  
6ANt cd + Css + Cox + Cn' 

I2 

S,,(f) = $ s: [AS,d(x, f)Ax] dx (53) 

where [AS,,(x, f)Af]"2 is the noise current generator in par- 
allel to the section Ax at x; S,,(f) i s  the spectrum of the cur- 
rent fluctuation in the drain and L is the device length. 

At weak inversion [C,, << (cd + C,, + Cox)], NT(Ef) i s  prac- 
tically independent of Vg and vd, and hence S,,(f) varies as 
I;. Since g, = aidav, 

(53a) 

is independent of V,and vd, the equivalent noise resistance 
R,,(f) i s  independent of V,, vd, and hence Id. Measurements 

s (f) 

g m  
S,(f) = 4kTR,, = 

indicate that RJf) can have turn-over frequencies as low as 
1000 Hz at weak inversion [58]. At stronger inversion, R,,(f) 
increases with increasing saturation current, so that the 
weak-inversion amplifier is more useful. 

At strong inversion, where c, >> (cd + c,, + CO,), NT(Ef) 
depends on Vg and vd, because the position of the Fermi 
level depends on N(x). Reimbold neglected this effect [57], 
[58], but Klaassen gave an approximate solution [36] by 
assuming that NT(Ef)w was proportional to the carrier den- 
sityN(x)perunit lengthatx. Onecanthen introduceaHooge 
parameter aH by the definition [31] 

(54) 

This parameter is independent of bias and hence yields 

(544 

It is now possible to evaluate aH as a function of bias, and 
so determine whether aH is indeed independent of bias. In 
many instances it is [25] but this is not self-evident and needs 
experimental proof in each case. 

We now evaluate the quantum limits for silicon MOSFETs 
and calculate aHp and a",, = 300 K with the help of (15b). 
Since = 645 K, a = 5.43 x 10-'cm (there are three kinds 
of holes!), we obtain aHn = 2.1 x lO-"and a H p  = 4.2 X IO-', 
if they exist. The lowest measured values for n- and p-chan- 
ne1 MOSFETs are: aHn = 1.0 X and aHp = (3-9) x IO-'.  
We thus conclude that the surface I l f  noise always masks 
the quantum l l f  noise in n-channel MOSFETs, whereas in 
p-channel MOSFETs the quantum l l f  noise may just be 
observable in the best units. We come back to this problem 
in Section V. 

In MOSFETs with ion-implanted channels, S,,(f), mea- 
sured as a function of the drain voltage vd, has a maximum 
[60]well before saturation. It comes about becauseatagiven 
point x in the channel the potential energy $(z) has a min- 
imum away from the surface. As a consequence, the elec- 
trons must climb a potential barrier before they can reach 
the surface and interact with oxide traps [62]. The l l f  noise 
is therefore reduced, and this becomes more pronounced 
near saturation. 

We can now understand why most MOSFETs havesurface 
I l f  noise and most bulk semiconductor resistors have vol- 
ume l l f  noise. According to (51b) and (53), AS,(f) i s  pro- 
portional to the surface area, whereas in resistors N, and 
hence S,,(f), are proportional to the device volume. Devices 
with a small surface-to-volume ratio have therefore bulk 
l l f  noise whereas devices with a large surface-to-volume 
ratio have surface I l f  noise, unless the surface is very well- 
passified. 

We finally mention an MOS capacitor experiment by 
Amberiadis [63]. The channel was p-type and the gate volt- 
age Vgwas raised from below flat-band to strong inversion. 
When Vg passes the flat-band situation, the holes are 
repelled from the surface, the interaction of holeswith traps 
in the surface oxide diminishes and hence the surface l l f  
noise due to holes in graduallyeliminated. There was some 
llfnoise left; that can beattributed to hole mobilityllfnoise. 
When an appreciable inversion sets in, the surface part of 
the channel becomes n-type. The electrons now react with 
the oxide traps and produce surface I l f  noise due to elec- 
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trons; as a consequence S,(f) increases by more than one 
order of magnitude. The merit of this experiment is that it 
shows how surface I l f  noise can be turned off and on. 

The trapping of carriers in the surface oxide can also give 
rise to surface potential fluctuations, and hence to mobility 
I l f  noise. This problem is studied at the University of 
Rochester (private corn m u n ication). 

C. Trapping Noise in p-n Junctions and BITS 

We saw that in the case of collision l l f  noise in BJTs the 
spectraSlc(f) and Sl,(f) were proportional to /,and Is, respec- 
tively. While this occurs in very-low-noise devices, the col- 
lision l l f  noise is usually masked by trapping noise. Earlier 
theories (Fonger (1956) [U], Hsu etal. (1970) [65]) described 
this noise by fluctations 6s in the surface recombination 
velocity s of the surfaces. Van der Ziel[66] used this model 
to reconcile seemingly conflicting data. The noise phe- 
nomena can be distinguished from the collision I l f  noises 
with the help of their current dependence (as I,, with y = 

1.5 or 2). 
Fonger’s model can be understood from the McWhorter 

model as follows: The recombination at the surface goes via 
fast surface states, but these surface states are modulated 
by the trapping or detrapping of carriers in the surface 
oxide. The fluctuation 6s in s should be proportional to the 
fluctuation 6N, in the number of trapped electrons in the 
oxide and hence S,(f) should be proportional to S,,(f). But 
SN,(f) i s  proportional to N,. Since s i s  also proportional to 
N, we obtain 

which is Fonger‘s starting point. 
We now apply this to the base /6  of a BIT. We write 

(56) 

where /BE is due to carrier injection from the base into the 
emitter, diffusion through the emitter, and recombination 
at the emitter contact; whereas / 6 R l  and /BR2 are due to 
recombination at the base surface and at the surface of 
emitter-base space-charge region, respectively. In modern 
devices /@E predominates, but nevertheless most of the noise 
often comes from / 6 R l  and IBR2. 

We first consider the noise of /BR1. Since 

so that slam varies as /iR1; if 16 >> / 6 R l p  SjBR1(f) varies as I;.  
Next we turn to /6m Here the recombination occurs in 

a well-defined part of the space-charge region, character- 
ized by the coordinate xl; at this point, the surface electron 
and hole densities are comparable. Let for an applied volt- 
age V the potential at x change by V,(Vl = 112V for a sym- 
metric junction, and Vl = 3l4V for a strongly asymmetric 
junction), and let p(xl) and p1 be the hole concentrations 
for the applied voltages Vand 0, respectively. Then /6R2 may 
be written 

where Aeff is  the effective recombination area. I fs now fluc- 
tuates 

6/BR2 = eAeff exp (s) 6s 

(59) 

Hence Sl,,(f) varies as /BR2, and if IBE predominates, Sl,,(f) 
varies as /62Vl/v. Here I = Io exp [eV/mkT)], where m = 1 if 
diffusion predominates and m = V/Vl if recombination at 
the surface of the emitter-base space-charge region pre- 
dominates. In the second case Sl(f) varies as 12, whereas in 
the first case ( I  >> I R ) ,  Sl(f) varies as /2v”v(s/f). This explains 
Hsu et al. data [65]. 

We now discuss a l l f  noise mechanism observed by 
Trippe [67] in small p+-n+ tunnel diodes. There was a large 
amount of l l f  noise in the excess current regime at forward 
bias and at large back bias. In both casesSl(f)/I2wasconsfant 
and the values in the two regimes were nearly equal. The 
llfspectrum had some small g-r “bumps,”and the h.f. noise 
was suppressed shot noise, as expected for atwo-stage pro- 
cess (van Vliet [68]). 

The current flow in each case is caused by tunneling via 
intermediate states in the space-charge region followed by 
a transition to the valence or conduction band. The large 
amount of l l f  noise i s  probably caused by I l f  modulation 
of the transition probabilities due to the fluctuating occu- 
pancy of traps near the intermediate states; the deviation 
from l l f  noise may indicate that relatively few traps are 
involved. According to this interpretation the noise mech- 
anism represents nonfundamental noise. 

D. Location of  l/f Noise Sources in BJTs 

We finally discuss a method of locating I l f  noise sources 
in transistors [69]. There are three noise sources, ibc between 
base and collector, ibe between base and emitter, and iec 
between emitter and collector; they come from indepen- 
dent mechanisms and should therefore be uncorrelated. 
They have spectra S,,(f), S/,,(f), and SIFc(f), respectively. 
There are a base series resistance fb’b in series with the base 
(Fig. 1). It should be borne in mind that ibc i s  not connected 
to one of the two endpoints of fb’b but somewhat in 
between. 

Fig. 1. Equivalent noise circuit of BJT with feedback. 
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Inserting a large resistor Re(Re >> rb‘b) in the emitter lead 
yields the feedback spectra 

The four equations (60)-(60c) may often enable one to 
locate the three noise sources and identify them by their 
location and their current dependence. 

The h.f. noise i s  

[S&,,B = 2elc + 4k~rb&,, (60d) 

so that rb‘b can be evaluated from h.f. noise data. 

V. EXPERIMENTS 

We saw in the previous sections how in collision-dom- 
inated devices the Hooge parameter aH could be evaluated. 
Comparing the experimental data with the theoretical pre- 
dictions, we apply the following rules: 

1) If  OH),,,^,^ > (a,&eoryr the process in question i s  
masked by another noise source. 

2) if (a,,) exp = (aH)theory, theory and experiment agree. 
3) If ~ Y H ) , , , ~ , ~  < bH)thmryr the process in question is not 

present. 

In collision-free processes similar rules apply to S,(f). 
In BJTs and junction diodes, especially at forward bias, 

S,(f)ll = constant for the fundamental collision processes, 
whereas Sl(f) varies as 17 with y > 1 for surface l l f  noise 
processes. In that case one should measure Sl(f) as a func- 
tion of current, find the low-current regime for which y = 
1, and then apply the above rules to determine whether a,, 
agrees with one of the fundamental collision processes. 

If surface l l f  noise predominates, aH and Sl(f) vary from 
unit to unit and from batch to batch. If a particular fun- 
damental collision process predominates, aH has a char- 
acteristicvalue. In the sameway, in collision-free processes 
S,(f) i s  described bya formulawithout adjusting parameters 
that should be the same from unit to unit. 

In  many applications the optimum noise performance is  
obtained not by minimizing a”, but rather by minimizing 
CY&, where 7 i s  the time constant of the carriers or of the 
system. 

A. Collision-Free Processes 

1) Vacuum Pentodes: We first consider partition l l f  noise 
in a vacuum pentode. To that end we first apply (8) and the 
first part of (9) to vacuum diodes and write for the quantum 
I l f  noise 

where I ,  is the anode current, v, the velocitywith which the 
electrons reach the anode, and N, = I, ?,,,de is the number 
of electrons between potential minimum and anode; here 
T,, = 7,’ + r1, and rml, and r1, are the transit times between 
potential minimum and control grid and between control 

grid and anode, respectively. The effect cannot be observed 
since it i s  masked by classical emission I l f  noise caused by 
classical fluctuations of the cathode emission. 

The situation is more favorable for a vacuum pentode [12], 
[18], [70]. Here we have not only cathode l l f  noise, distrib- 
uted between the screen grid g, and the anode a, but also 
partition l l f  noise flowing from screen grid to anode [12]. 
The cathode l l f  noise components flowing in the screen 
grid and the anode leads are fully and positvely correlated, 
whereas the partition I l f  noise components in both leads 
are fully and negatively correlated. 

If Sp(f) is  the partition l l f  noise spectrum, we may thus 
write (see [14]) 

where N2 = l,rm,le and N, = (ICrm2 + l,rh)le; 7m2 and 7% are 
the transit times from the potential minimum to the screen 
grid and from the screen grid to the anode, respectively, 
whereas I, = I, + I p  

ToevaluateS&f), weobservethat forwhiteshot noiseand 
white partition noise we have by analogy 

‘c ‘C 

But this is zero for = 1; that means that the total white 
fluctuations in I, and I, are independent in saturated pen- 
todes. This should also be valid for l l f  noise; hence one 
would expect S,,,(f) = 0 for r2 = 1 in (~Ic), so that 

In all pentodes without feedback SJf) i s  masked byclas- 
sical cathode emission l l f  noise. But by inserting a large 
resistor R, in the cathode lead, all linear cathode current 
noises are reduced by the feedback factor (I + g,, R,), 
whereas the partition noise fluctuations are not affected; 
here g,, i s  the cathode transconductance. In that manner 
Sp(f) can be accurately measured, adiscrimination between 
l l f  noise and quantum partition l l f  noise can be made. 

When one does so, one usually finds agreement between 
theory and experiment within the limit of accuracy ( &  30 
percent) [12], [70]. This is  also true for Schwantes’s 1960 data 
1181, t701. 

Of particular interest i s  the dependence of Sp(lO) on the 
anode voltage V,. This can be measured much more accu- 
rately, since only V, has to be varied. If V, was kept constant 
and only V, was varied, van der Ziel et al. [69] found for a 
6AU6 tube 

exp = 1.74 (62a) 1 SP(1O)V, = 454 v 
Sp(lO)V, = 134 V 

whereas the theoretical ratio was 1.75, in excellent agree- 
ment [70]. This effect comes mainly from the v, term in (62), 
for (454)’/2/(134)’/2 = 1.84. On the other hand, in the anode 
current of atube withoutfeedback,S,,(IO) was independent 
of V, [71]. This i s  easily understood, for that case SI,(f) is due 
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to emission fluctuations generated at the cathode, far away 
from the screen grid-anode region. 

What i s  missing is a classical model of partition l l f  noise. 
Such a model might be constructed as follows. Consider 
the screen grid and look in a direction parallel to the grid 
and perpendicular to the grid wires. Noise processes at or 
near the cathode might now give rise to a fluctuating elec- 
tron velocitycomponent at the screen grid in that direction 
and this might result in partition l l f  noise. Such a model 
might perhaps explain the anomalous features of the par- 
tition l l f  noise in 6CE6 pentodes [70]. 

Some further investigation seems therefore warranted. 
2) Secondary Emission Pentodes EFP60: According to (12), 

the spectrum of secondary emission l l f  noise is due to the 
flow of carriers from the dynode d to the anode a, so that 

(63) 

where /, is the anode current, 6 the secondary emission fac- 
tor 

7da = 2ddJVa. (634 

Here V, and V, are the anode and dynode voltages, respec- 
tively, 7da the transit time of the secondary electrons from 
dynode to anode, v, the secondary electron velocity at the 

Table 1 

anode, and dda the path length of the secondary electrons 
between dynode and anode. 

The effect was discovered by Schwantes in 1958 [151, and 
van der Ziel [I61 gave aquantitativequantum interpretation 
with the help of (63). Fang [ I 7  measured two EFP 60 tubes 
and showed that Sla(lO)/(Va - vd)3/2 at constant I.$‘, and 
S,(10)/(6’/,) at constant (V, - vd), were independent of bias 
[seeTablel].Thisverifies the62term in (63),which indicates 
a fine structure constant S2/(137), and the 4 term in (631, 
which implies that acceleration (or Bremsstrahlung) i s  ini- 
tiating the secondary emission l l f  noise process. From the 
averages of Table 1 one can evaluate S,(lO)l[S’/,(V, 
- Vd)l3/’. This yields 1.18 X and 1.37 X (average 
1.27 x A Hz-’ V-3/2 for device 1 and 0.85 x IO-‘Oand 
0.74 x (average 0.79 x A Hz-’ W3I2for device 
2. Fig. 2 shows s,~(Io)/(v, - VdP” as a function of V, - V+ 

A ~ ~ - 1  v-312 , and this, in turn, gives dd, = 0.56 cm, thus ver- 
ifying the earlier estimate of dd, of 0.50 cm [16]. 

This shows the consistency of the data and indicates that 
(62) gives a complete description of the secondary emission 
l l f  noise phenomenon. This i s  no coincidence but repre- 
sents an established fact. 

Apparently contradicting this result i s  a report by 
Schwantes et al. [72], according to which S,(f) for photo- 
multipliers was white down to 1 Hz. However, since this 
white noise was not further analyzed, it i s  not certain that 
it corresponds to amplified shot and secondary emission 

Takingtheaverageover devices1 and2yields1.03 x 

EFP 60 
Table 1 Device #I S / a ( f ) / ( V a  - Vd)”’ 

f = 10 Hz I, = 10.0 6 = 3.6 
( v a  - v d )  (v) ( v ,  - vd)3/2 s d f )  (A~/HZ) S / a ( f ) l ( V a  - vd)312 

50 0.354 x io3 0.48 x IO-’’ 1.34 X IO-‘’ 
75 0.650 x io3 1.06 x IO-’’ 1.63 x IO-” 

125 1.400 x 103 2.32 x IO-’’ 1.66 x IO-’’ 
56 10-21 100 1.000 x io3 1.56 X IO-’’ 

Ave. 1.55 x IO-” f 0.09 X IO-’’ 

Table 2 Device #I s / a ( f ) / 6 2 1 a  
f = 10 H Z  v, - v d  = 125 ( v )  

V A V )  S/,(f) (AZ/Hz) 6 I,(mA) O’1, (mA) S/,/6’la 

250 2.3 x 10- l~  3.60 10.00 129.60 1.77 x 10-l~ 
225 9.4 x 10-l~ 3.04 5.88 54.30 1.73 x 10-l~ 
200 2.7 x 10-l~ 2.43 2.94 17.40 156 x 10-l~ 

1.97 1.44 5.88 2.60 x 10- l~  175 1.5 x 10-l~ 
Ave. 1.92 x f 0.35 x 

Device #2 
1, = 8.0 mA 
( v ,  - vd)3/2 

50 
75 
100 
125 

0.354 x io3 2.60 x 1 0 - l ~  7.34 x 

1.00 x io3 6.10 x 10-l~ 
0.650 x io3 4.30 x 10-l~ 6.62 x 

1.40 x io3 8.70 x 10- l~  6.21 X 

10 10-22 

Ave. 6.57 x f 0.41 x 

Table 2 SI, ( f ) l  
Device #2 621, 

f = I O  H Z  Va - v d  = 125 ( V )  
V A V )  s, ( f )  6 I, (mA) &21a(mA) SI, ( f ) /621,  

225 3.4 x 10-l~ 2.6 5.0 33.80 1.01 x 10-l~ 

175 0.3 x 10-l~ 1.7 1.2 3.55 0.87 x 10-l~ 

250 8.7 x 10-l~ 3.1 8.0 76.88 1.13 X 

200 1.3 x 10-l~ 2.1 2.5 11.03 1.18 X 

Ave. 1.05 x f 0.12 x 
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.-Experiment SI (100) 
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Fig. 2. S,(IO)/(V, - Vd)3’2 for EFPLO as a function at (v, - Vd). 
Cathode l / f  noise removed by feedback. I, and 6 were con- 
stant. 

c -- 
U) Sl(l) = A + BV3” 

A = 4.2 x 

I B = 7.0 10-27 t 

5 
I I I 

v (volt) 
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Fig. 3. S,(lO)versus V,forvacuum photodiodeof931Apho- 
tomultiplier. All dynodes connected to d, (diode configu- 
ration). Full-drawn curve: A + 6Vy2; symbols represent data. 
A represents work function l / f  noise (adjustable parameter) 
and 6 is taken from (64) (theory) with I, = 3pA, dca = 0.50 
cm, n = 2. 

noise; there might have been excess white noise present. 
For that reason a more detailed analysis was carried out by 
Fang et al. (see next section) [73]. 

The first stage of a photomultiplier i s  a vacuum photo- 
diode. By tying all the dynodes together and measuring the 
noise between this “anode” and the photocathode, one 
can study the white noise and the l l f  noise of this photo- 
diode. 

By connecting all the electrodes beyond d2 to d2 one has 
a configuration consisting of a vacuum photodiode and a 
single secondary-emission stage in series. One can then 
determine the l l f  noise and the white noise added by the 
multiplier stage. 

3) Vacuum Photodiodes: By analogy with (63) 

SI,(=) = 2e Ian (64) 

v, = (2e/m)”V:I2 7, = 2 d,&, (644 

where d,, i s  the cathode-anode distance and 

and n > 1 takes into account that the photoelectrons are 
emitted in bunches. There are several reasons for this, but 
we will not go into further detail. S,,(=) is shot noise of 
charge conglomerates en. 

The experimental data agree well with (64); at large V, 
S,(f) is proportional to I, and to Vz2; Fig. 3 shows the latter 
dependence. The shot-noise data gave n = 1.5. Bothersome 
pickup noise hampered the measurements, and limited 
theiraccuracy, but neverthelessthedataseem toagreewith 
(64). More work i s  needed. 

Classically,one might expect Ilfnoise dueto fluctuations 
in the work function x. It is easily shown that the leads to 
a spectrum Sl,(f) = const. e I:. This has a voltage and a cur- 
rent dependence different from (64). This noise source i s  
present at low V, (see Fig. 3) 1741. 

4) Schottky-Barrier Diodes: Early measurements were 
reported by Hsu [74], [75]. In order to avoid surface l l f  noise, 
the metal contact was protected by a guard ring. Klein- 
penning gave the essential theory in terms of mobility l l f  
noise (or diffusion l l f  noise) in 1979 [76] but made a few 

mathematical errors. For example, his method of approach 
could not incorporate the integrating factor needed to solve 
the Langevin equation correctly. Luo [28] has corrected 
these errors and obtained (29) and (19) for the collision- 
dominated and for the collision-free models, respectively. 
Hsu‘s measurements agreed approximately with (19) but 
there was one difficulty. 

The collision-free model required that there were no col- 
lisions in the whole space-charge region. But when they 
compared the free path length of the electrons with the 
length d of the space-charge region, they found that the 
electrons made about 7-10 collisions in that region. Any 
agreement with (19) thus seemed fortuitous. 

The dilemma can be resolved by introducing the image- 
force model [28]. Here the potential energy has a maximum 
at x = x,; for the bulk space-charge region the current flow 
is by diffusion, but at x = x, the current flow can also be 
considered as being due to thermionic emission (TE-D 
model). This yields a current 

v, = (2:L.y - 

For v, >> vd the characteristic is  said to be diffusion-limited 
and for vd >> vr it i s  said to be thermionic-limited (TE-model); 
the latter does not imply absence of collisions in the space- 
charge region. 

Luo [28] thereforecombined thediffusion model with the 
image-force model and obtained the general equation (TE- 
D model) 

This leads to the diffusion model for vr >> vd, and hence 
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to (29), and for vd >> v, to the approximate TE model with 

t l  

E, 
& =  L Z  1 0 - 7 5  
C C L  

- 

- r cna 0 z . 7- 

for vd >> v,. Kleinpenning already discussed theTE-D model 
[76]. For corrected expressions see Luo et al. [28]. 

Luo found that (66a) could be fitted to Hsu's measure- 
ments by taking aH = 1.8 X I O - '  (Fig. 4). According to Kou- 

L - 0 AlphaH@lOHz 
- AlphaH@ 1Hz 

Umklapp scan. 
- +- Average K 
-- 

; / - +  J # - O - - - z  

- ,4-- 
I I I I 

Pawlikiewicz [771 found some n-channel Si-JETS (Silicon) 
with very low g-r noise. He was now able to measure aH for 
the I l f  noise in the temperature range 255 K < T < 400 K, 
but below 255 K the l l f  noise was masked by g-r noise. Paw- 
likiewicz's data fitted with the formula 

aHn = 6.2 X I O - '  exp ( - - 32:.5) (67b) 

with an accuracy better than 20 percent (Fig. 5). 

109  IO 105 i o 3  
l o g 1  ' ' '  I '  I '  

W) 

Fig. 4. &(f )  versus I for Pt-n-Si in Schottky-barrier diodes 
at 20 Hz. Upper broken line: diffusion model. Lower broken 
line: ballistic model. Full line: TE model involving image 
effect; circles: Hsu's data. 

sik-van Vliet-Bosman's normal collision model aH = 3.3 x 
I O - '  for n-type Si. This is  good agreement; the slight dis- 
crepancy may be due to the limited number of collisions 
(7-10) in the space-charge region. Further work i s  in prog- 
ress to understand even lower values of aw 

Our final conclusion is that the approximate TE model 
(66a) agrees with Hsu's data, but that thepureTE model (19) 
i s  never reached. 

5. Collision-Dominated I/ f  Noise 

We now turn to various collision-dominated noise 
sources (FETs, BJTs, Hg, -,Cd,Te n+-p diodes, laser diodes). 
They all have in common that A?/c2 << 1. Devices with aH 
= (3-7) x (coherent state devices) are covered in Sec- 
tion V-C. 

7) Collision I/ f  Noise in FfTs: The first collision-domi- 
nated l l f  noise (quantum l l f  noise) was found by Duh in 
1985 [25] in n-channel Si-JFTs supplied by Dr. K. Kandiah. 
The devices had two gates; by changing the bias voltage of 
each gate the space-charge regions could be shifted and 
traps could be made inactive, so that the l l f  noise became 
observable. Duh found a",, = 2.5 x 10-'at T = 300 K. Since 
a = 5.43 x 10-'cm and mf = m, the Umklapp mechanism 
itself gave 

Van derZiel etal. [I91 nowconjecturedthatthisvalue should 
be multiplied by a probability factor exp (-OD12T), where 
ODis theDebyetemperature(645 Kin Si).Theythusobtained 
the heuristic equation 

(67a) 

yielding aHn = 2.1 X 

with Duh's data. See also (15a) and (15b). 
at 300 K, in excellent agreement 

The accurate determination of aHn requires knowledge 
of the temperature dependence p(T) of the mobility w. This 
can be obtained as follows. The output conductance gdo(T) 
at zero drain bias can be accurately measured. Since gdO(T) 
is proportional to the mobility p(T)  

(68) 
gdom P m  

gdp(300) ~(300) * 

Putting ~(300) = 1400 cm2N s, as taken from Sze's book 
[78], yields a functional dependence of p(T)  independent of 
any theory. 

However, there remained onedifficulty in interpretation. 
Since the n-channel in each case was rather weakly doped, 
one would expect the true Urn klapp process to have so small 
a probability that it would be unobservable. On the other 
hand, intervalley scattering should have a much larger 
probability, combined with an exp (-OD12T) temperature 
dependence. However, as Fig. 5 shows, the theoretical 
expression for aHn lies about a factor 3 above (67a), so that 
the intervalley scattering model must be discarded also. 
What i s  left i s  the combined effect of intervalley scattering 
followed by Umklapp into another intervalley. According 
to van Vliet [79] the combination should be treated as a sin- 
gle process, described by aH = aH,,(p/p,)', where p/pu = exp 
(-0d4T). This solves all discrepancies. It i s  now expected 
that JFETs or MOSFETs made on different interfaces (100, 
110,111) might show different noise behavior. For example, 
it could be that the combined process could be forbidden 
for some interfaces. This problem, which is of fundamental 
interest, requires further study. 

Thedevices studied by Duh and by Pawlikiewicz had very 
different structures, but showed the same value of aH. This 
is  as expected, since they are subjected to identical noise 
processes. Nevertheless, measurements on a few more 
samples of the same type as well as on a few samples of 
different types might be useful. 

-=- 
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Pawlikiewicz [80] and Birbas [81] measured 1.f. noise in p- 
channel JFETs. They found at first that the 1.f. noise varied 
as llf', as expected for a g-r process with a time constant 
of many seconds. Apparently there was no I l f  noise observ- 
able. 

What kind of l l fnoise could be expected? There should, 
of course, be normal collision I l f  noise for holes, with aHp 
= (6-10) x IO-'. But since there are no intervalleys, and the 
doping of the channel i s  low, one would not expect noise 
that i s  describable by (67a). 

As before, (23) yields for vd e vds 

As mentioned in Section I I  (67a) yields aHp = 4.2 x 

Substituting for the device parameters and for aHP yielded 
a curve lying above the measured curve [S/(f)Imea5 (Fig. 6). 
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(b) 
Fig. 6. S,(f),.+, versus frequency in Si p-channel JFETs. (a) 
Theoretical spectrum for aHP = 4.2 x IO-' (see (67b)). (b) 
Theoretical spectrum for a,,, = IO-' (phonon collision 
model). In cases (a) and (b) the h.f. thermal noisewas added. 

According to rule3) at the beginning of Section V, this means 
that Umklapp l l f  noise i s  absent, as predicted in the pre- 
vious paragraph. Normal collision I l f  noise, however, 
should have a H P  = (6-10) x IO-'. Substituting aHP = I O - '  
into (69) yielded a curve that was usually located below the 
measured curve [S,(f)lmeas, indicating that normal collision 
l l f  noise was now masked by g-r noise in those units. Only 
the lowest noise units showed some I l f  noise; then[S,(f)],,,, 
and [Sl(f)ltheo coincided at the higher frequencies, indicat- 
ing that normal collision l l f  noisewas compatiblewith those 
data (Fig. 6). 

The measurements should be continued to indicate 
whether Umklapp l l f  noise i s  always missing in p-channel 
JFETs. Moreover, a search should be made for more devices 

in which normal collision I l f  noise i s  clearlyobservable. The 
data obtained so far fit the expected pattern; the best unit 
gave aHp = 9 x IO-', in good agreement with the estimated 
value (6-10) x IO-'. 

I s  Umklappllfnoiseobservable in MOSFETswith strongly 
inverted channels? It might, for in such channels the pro- 
hibition against Umklapp l l f  noise does not hold. The best 
n-channels MOSFETs [25] had aHn = at T = 300 K 
whereas (aHJUmk = 2.1 x at T = 300 K. The Umklapp 
I l f  noise, if present, would be therefore completely masked 
by surface l l f  noise and a reduction in surface I l f  noise by 
at least a factor 20 would be needed to make it observable. 
This i s  not a likely event for the near future. 

The situation i s  much more promising for p-channel 
MOSFETs. Not only can the surface I l f  noise be smaller due 
to better passivation, but also the value of (4.2 x 
10-7)at T = 300Kfor holesisafactor20largerthan thevalue 
of (aH,JUmk (2.1 X I O - '  at T = 300 K) for electrons. 

Duh [25] measured aHp in p-channel MOSFETs of 7.5- and 
17.5-pm length, respectively; they were test devices 
obtained from Harris Semiconductor at Melbourne (FL) and 
had aHp = (3-9) X A typical plot of aHp versus -vd is  
shown in Fig. 7. We note that aHd is practically independent 

1 0 5 1  I 
#58 p-MOSFET 

f - lOOHz 
Vg = -4.OV 

Lg 0 7.5pm 
o 17.5pm 

10-7 
I O '  10 

-vd (v) 
Fig. 7. aHp versus V, for p-channel MOSFETs at channel 
length L = 7.5 and 17.5 pm. V, = -4.0 V, f = 100 Hz. 

of (-  V,,) and independent of the device length L, as expected 
for Umklapp l l f  noise. It i s  therefore quite likely that Duh 
actuallyobserved Umklappllfnoise. Thedirect proof would 
be to measure the temperature dependence of aHp. Unfor- 
tunately, the devices were lost before tests could be made; 
a search for similar low-noise devices i s  in progress. 

The noise mechanism of l l f  noise in GaAs MESFETs and 
MODFETs is  most likely due to deep traps in the space- 
charge regions of the devices. If one turns the data into an 
equivalent aHn, one finds ann = (2-10) x [26]. Because 
the band structure has higher valleys (process d), (inter- 
valley + Umklapp) is possible. With mz = 0.067m, Bo = 350 
K, a = 5.65 x IO-'cm, (67a) then yields aHn = 7.1 x 

This verifies again that the Umklapp limit, if any, has not 
yet been reached. It would be very worthwhile to continue 
to search for it, especially since the best units are only a 
factor 3 away from it [82]. Both the presence or the absence 
of this limit would be important. 

2) Collision l/f Noise in BJTs: The first cases of possible 
quantum l l f  noise in BJTs were published by Kilmer et al. 
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[83], [84] and by Zhu et al. [26]. They based their identifi- 
cation on the fact that Sl(f)ll was independent of I and that 
aH has values close to the value for Umklapp l l f  noise. For 
example, in GE 82-185 p+-n-p transistors aHn was measured 
from S,,(f). Kilmer found aHn = 9 x lO-’and Zhu found CY,,, 
= 6 x IO-’, both at 300 K, whereas the Umklapp value for 
aH was 2.1 x IO-’. This agreement i s  perhaps acceptable, 
but is by no means spectacular. For microwave n+-p-n tran- 
sistors, Zhu found from the measured spectrum S,,(f) that 
aHP = 1.1 x whereas the Umklapp value was 4.2 x 
IO-’, both at 300 K. We now believe that these devices rep- 
resent trapping noise with Sl(f)ll = constant. 

Later, cases were discovered where S,(f)ll was constant 
but aH did not have a fundamental value; apparently there 
can be trapping noise where S,(f) i s  proportional to I. The 
clue is that (aH)meas i s  not constant but varies from unit to 
unit. Pawlikiewicz et a/. [85] found GE 82-185 transistors in 
which S,,(f) yielded a,,, = 3.5 x in very reasonable 
agreement with Kousik’svalueq,, = 3.3 x calculated 
for normal collision I l f  noise. To obtain this value he 
assumed w, = 0.5 pm and D, = 15 cm’ls; this estimate pf 
w$D, may be off by f 50 percent. Such low-noise units are 
hard to find; their aH values became measurable after 
extending the spectral observation down to 1 Hz. 

Zhu and Kilmer found no measurable collector l l f  noise 
down to 20 Hz and Zhu therefore concluded that in the col- 
lector aHp << 5 x lO-’for a GE 82-185 p+-n-p BJT, whereas 
aHn << 1.6 x IO-’for a microwave n+-p-n BJT. At first that 
did not cause much difficulty, but after the normal collision 
I l f  noise was identified, it became questionable whether 
these inequalities even excluded that process too. 

To find that out, Pawlikiewicz et al. [85] and Fang [86] 
extended the spectral measurement down to 1 Hz and 
looked for units in which the collector l l f  component was 
clearly identifiable and not perturbed by amplified base 
noise. Pawlikiewicz found aHP = 5.3 x 
for a GE 85-182 p+-n-p transistor at T = 300 Kat low collector 
currents, (0.1 and 0.2 mA, respectively) in very reasonable 
agreement with the estimated theoretical value (6-10) x 

for an experimental 
n +-p-n transistor at 300 K and I, = 2 mA, in reasonable agree- 
ment with the theoretical value CY,+,, = 3.3 x It thus 
seems clear that the collector llfcomponent shows normal 
collision l l f  noise, just as the base l l f  component in low- 
noise BJTs does. There was one discrepancy, however, in 
that Pawlikiewicz found aHp = 1.4 x at I, = 2 mA. This 
requires further study. 

There is indication that surface l l f  noise may depend on 
the interface. It seems that (111) surfaces give more noise 
than the (100) and (110) surfaces [87]. This requires further 
study. One of the reasons is rather trivial: Many units have 
very large values at fb’b (e.g., 250 h2 instead of 10 h2 at I, = 
1 mA). As a consequence, the component ibe gives a large 
contribution Sl,,(f) (gmcrb’b)’ to Slc(f); since (gmcfb’b)2 = 100, 
theamplified base noise predominates by far overtheother 
Slc(f) components. It should be clear that such devices are 
unsuitable for collision I l f  noise studies. 

The final conclusion is that Si-BJTs always have normal 
collision l l f  noise but that Umklapp l l f  noise, and inter- 
valley l l f  noise do not show up in the external circuit. This 
“selection rule” requires a theoretical foundation. Also, it 
should be investigated whether such a selection rule applies 
to all interfaces or only to some of them. 

and 6.5 x 

Fang [86] found aHn = 5 x 

3) Collision l / f  Noise in Diodes: In silicon n+-p diodes at 
relatively low forward bias the current flow is  by recom- 
bination at the surface of the space-charge region. This is 
usually caused by l l f  modulation of surface recombination 
due to the fluctuating occupancy of oxide traps. This yields 
a current dependence of S,(f) of the form Pwith y = 1.5 or 
2.Thepossibilityofy = 1 needsfurtherstudy,sinceit might 
indicate the presence of another fundamental noise pro- 
cess (see Section V-C). 

For GaAs laser diodes at relatively low currents S,(f)lI i s  
often constant; this might indicate the presence of a fun- 
damental noise source [88]. Since the device is heavily 
doped (= IO1’/cm3), the diffusion constant D, for electrons 
may be as small as 25 cm2/s. Consequently, since the carrier 
lifetime 7, i s  of the order of 2 x s, the diffusion length 
L ,  = (D,7,)”’ = 2.2 x 10-4cm. Since the doped regions have 
a comparable length, the diode is neither long (w/L, >> I), 
nor short (w/L, << 1). This case needs further study. 

Hg, -,Cd, Te n+-p diodes with x = 0.30 give aH = 5.3 x 
10-5at273 Kat back bias,whereasthe Umklapptheorygives 
aH = 4.9 x in excellent agreement [89]. Apparently the 
Umklapp process was responsible. The theoretical value 
follows from Zhu et al. tables [go], whereas the experimen- 
tal value was obtained from S,(f) with the help of (32) and 
(32a). This implies a long diode (w/L, >> 1) and current flow 
by diffusion; it furthermore indicates that all carriers con- 
tribute to the noise (for proof, see Section V-C). The lifetime 
7, follows from the Honeywell tables (7, = 1.2 x IO-’s) [91]. 

C. Coherent State l/f Noise 

We saw that for long resistors the Hooge parameter aH 
was 2 x We shall see that there are other cases (long 
Hg, -,Cd, Te n+-p diodes) where comparable values for aH 
are found. This makes it plausible that the same principles 
are involved. 

unfortunately, it does not give guidelines for deciding when 
the theory applies. It is the aim of this section to provide 
clarification. 

1) Hooge’s experiments [3]: The data speak for them- 
selves, but there is additional information. According to 
Hooge and Vandamme aH depends on doping in the fol- 
lowing manner [92]: 

Handel‘s coherent state theory gives aH = 4.6 x 

= 2 x 10-3 (k)’ (70) 

where 

1 1  1 

P Wat t  Pimp 
+ -  (70a) 

where platt and pimp are the mobilities due to phonon and 
to impurity scattering, respectively. Applying the Kousik- 
van Vliet-Bosman approach [20], if plan and pimp both fluc- 
tuate 

_ = -  

a~ = “Hlatt kr -t %imp (--r* (70b) 

This must apply both for normal scattering and for the 
Hooge-type process. 

As an example take normal collisions in n-type silicon. 
Here aHlatt = 3.3 x and aHimp is not negligible at high 
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doping; as a consequence the first term will predominate 
at low doping and the second term at high doping. Next 
take the Hooge process; here aHlatt = 2 x and a H i m p  

must be much smaller, for otherwise (70) would not hold. 
There i s  thus an enhancement in aHlatt by a factor IO6.  Of 
course, one cannot be quite sure that we started from the 
normal collision process; but if we had started from the 
Umklapp process the enhancement factor would st i l l  be 
IO5, so our conclusion about the enhancement factor 
changes little. This problem requires further study. 

In the second place aH may be field-dependent. Accord- 
ing to Bosman etal. [q, [8] for n- and p-type silicon resistors 

(71) 

where aH(0) is the low-field value and poF; corresponds to 
the velocity of sound. This suggests that the effect may be 
due to phonon emission [93]. Bosman used planar geom- 
etry; Kleinpenning [94], who used a morecomplicated point- 
contact geometry, did not observe the effect. 

2) Long Hg,-.Cd,Te n+-p Diodes with x = 0.30: Wu et 
a/. measured long n+-p diodes with a nonplanar geometry 
[89]. Assuming a planar approximation, and a diffusion- 
recombination type current flow one obtains 

f f H ( 0 )  
a H  = 

1 + (FJFJ2 

(72) 

Here aHnd is the (diffusion) Hooge parameter, 7, the life- 
time, and 

1 1 1 1  
a 3 2a a2 a3 

f(a) = f ( a )  = - - - + - - - 

- In (1 + a), with a = exp (eV/kT) - 1 (72a) 

if all minoritycarriers contribute to the noise and f(a) = Q(a) 
= f 113 if only the excess minority carriers contribute. They 
plotted S,(f)l/fa(a) versus eV/kT, used (72a) and found a hor- 
izontal line, indicating that a/ /  minority carriers contribute 
equally to the noise (Fig. 8). 

They then measured the diode admittance and deter- 
mined 7,. According to the diffusion theory [95] 

vcjw, = g(w) + j b (4  = go (1 + jw,' (73) 

where y = 112. This was quite well satisfied for devices oper- 
ating near zero bias but farther away from zero bias the value 
of y was 0.7-0.9, indicating that the lifetime measurement 
was not reliable in that case. This is probably due to the 
nonplanar geometry. Otherwise (73) seemed to be valid. 

Evaluating a&, from S,(f)lllf(a)l at T = 193 K they found 
that a H n d h n  was nearly independent of bias (Fig. 8). Using 
thevalueof 7, determined bytheabove method,theyfound 
that (YHnd = (3-5) x near zero bias and that 7, agreed 
with the Honeywell lifetime tables [91]. Farther away from 
zero bias, the measured values of 7, were larger than the 
theoretical values obtained from the lifetime tables. As a 
consequence, (YHnd was now larger than 5 x and this 
was due to the error in the measured values of 7, (Fig. 9). 
Finally, they used (YHnd = 4.6 x evaluated 7, from the 
measured value of (YH,&, and obtained good agreement 
with the lifetime tables. They therefore concluded that aHn 
had values close to 4.6 x as expected for coherent 
state noise, and that 7, = (1-3) x IO-' at 7 = 193 K. 

1 ~ 1 7 1 ; ~  1 .: I .: I ;" I 2 6  ' ' 
Fig. 8. [S,(f)  - S,(OD)]/~/~ and [S,(f) - S,(o~) ] / [ l f (a ) ]  versus 
qV/kT for Hg, -,Cd,Te n+-p diodes with x = 0.30 at T = 193 
K and f = 20 Hz. This indicates that for back bias and near 
forward bias all minority carriers contribute to the noise and 
that aHn/rn is a constant. 

A - #4-100 
0 - #3-454 
T=193"K 

y=o 81 
0 ~ 0 7 1  7-0 71 

A O W 6 3  
10-2 

ali 

-0 04 0.04 0 08 

v (volt) 

Fig. 9. aHversusappliedvoltageVatT= 193Kfortwounits 
4.100 and 3.454 indicating that high values of aHcorrespond 
to large values of y. This means that the admittance method 
for measuring 7, breaks down for large values of y. 

Similar results were obtained for all devices at 193 and 
113 K whereas for one unit at 273 K they found aHnd = 5 x 

as expected for the Umklapp process. No transition 
to (YHnd = 5 x was found, however. 

Since the coherent state mechanism gives the highest 
fundamental value of (YHnd, considerable improvement 
could beobtained in the noise performanceof thesediodes 
if one could learn to operate them in the Umklapp mode, 
and still further improvement could be made by operating 
them in the normal collision mode. This would be an inter- 
esting consequence of a systematic noise study of HgCdTe 
diodes. 

3) Noise in Long S i  p+-i-n Diodes: Fang [96] measured 
noise in long Si  p+-i-n diodes at 410 K. Here the current flow 
is associated with hole-electron pair recombination (for 
forward bias) and hole-electron pair generation (for back 
bias). According to the theory (Section II) 

(74) 

where 7 i s  the time constant associated with the generation 
or recombination of a single hole-electron pair. He plotted 
Sl( f ) / l / l  versus eV/kT at back bias for several diodes and 
found it to be independent of bias; he could then evaluate 
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aHh.Thevalues wereall veryclosetogetherand theaverage 
value was 3.1 x 1021s. He then evaluated 7from admittance 
data and found T = 1.4 x had an average 
value of 4.3 x in excellent agreement with the coher- 
ent state value aH = 4.6 x 

A few words should be said about the device admittance. 
The equivalent circuit consists of an R - C parallel con- 
nection, with a current-dependent series resistance Rd. The 
current modulation of Rdgives rise to a negative resistance 
-R, = IdRddl in series with Rd, plus a parallel combination 
(R, - L) where L/R, = T. Finally there i s  a capacitance C, 
from the bottom of the R - C parallel connection to the 
bottom of the R, - L parallel connection [95], [96]. This 
equivalent circuit i s  quite different from that of the diffu- 
sion type diode, which showed no resonances and anti- 
resonances in g(w) and &). Having obtained the circuit ele- 
ments from Y(w) one puts 7 = CR. 

In p-n junctions and BJTs one often finds modulation-type 
l l f  noise due to the modulation of recombination centers 
by the fluctuating occupancy of oxide traps (Section IV). Let 
it have a Hooge parameter aHm. The recombination centers 
themselves should also show Handel-type quantum Ilf 
noise. If it has a Hooge parameter aHr, then aH = aHr + aHm. 
If there are no coherent state effects, aHr i s  very small and 
a!", predominates by far. If the coherent effects are fully 
developed aHr is raised to 4.6 x and it predominates 
byfar,whereasaH, i s  unaffected.This picture isfullyequiv- 
alent to the one presented in Section IV-C1. 

As was already mentioned, the Hooge parameter of semi- 
conductor resistors seems to increase with increasing 
device length L, reaching the coherent state value for large 
L. Birbas, Peng, and Amberiadis [97] are studying p-channel 
MOSFETs with different channel lengths (L = 14 pm to L = 
190 pm), made on the same chip, and biased at low drain 
bias ( v d  = -0.2 V) so that the device behaves as a linear 
resistor. Preliminary data seem to indicate that varies as 
L2 at intermediate lengths. Much more work i s  needed, 
however, to establish beyond doubt that this represents 
indeed a transition from normal collision Ilfnoise tocoher- 
ent state l l f  noise. Present indications are that this presents 
a new quantum l lf  noise source caused by carrier accel- 
eration between collisions and coherent generation of l l f  
noise along the carrier drift path. An elementary theory 
allows to calculate the time7 between collisions and tocom- 
pare with the 7 value deduced from the data. Reasonable 
agreement has been obtained for n-type MOSFETS. 

s, so that 

VI. CONCLUSIONS 

We have shown how a generalized representation of the 
noisiness in electronic devices can be given with the help 
of the measured Hooge parameter aH. In collision-free 
devices (vacuum pentodes, secondary emission tubes, and 
thevacuum photodiode part of photomultipliers)aH is given 
by fundamental formulas. In collision-dominated devices 
one observes fundamental noise sources of the normal col- 
lision type, the Umklapp type, and the intervalley + 
Umklapp type scattering processes; pure intervalley type 
scattering processes have not been found, even in n-type 
S i  at low doping; they cannot occur in p-channel JFETs since 
they have no intervalleys. Normal collision l l f  noise seems 
tooccur in Si-BJTs (n+-p-n and p+-n-p), in p-channel Si  JFETs 
and in Schottky barrier diodes. 

Whereapplicable, Handel's predictions for aHare usually 
verified. This i s  the more remarkable, since there i s  severe 
criticism about Handel's derivation. The criticism is  not 
directed against the Bremsstrahlung hypothesis as such, 
since for collision-free devices it seems to be the only l l f  
noise process available. In Appendix I we derive the Handel 
formula for aH from semiclassical considerations applied 
to collision-free devices. 

There are several cases of coherent state l l f  noise with 
aH = 5 x 10-30n record, butwe havenosatisfactorycriteria 
for predicting i t s  occurrence or nonoccurence in advance. 
Otherwise, the general features of the generalized repre- 
sentation seem to have been established, even though evi- 
dence from larger samples would be helpful. 

This project started as an attempt to verify or refute the 
predictions made by Handel's quantum l l f  noise theories; 
more particularly his theory of the Hooge parameter aH. 
This i s  now practicallycomplete, except for some morework 
on vacuum photodiodes, on BJTs and on ballistic devices. 
We see from Section V, that Handel's result, if properly 
applied to the device under test, agrees with our mea- 
surements in nearly all cases. Both the experimental num- 
bers for the various 0 1 ~  values and their agreement with 
Handel's predictions represent scientific information that 
should not be ignored. 

Our project cannot check thevalidityor invalidityof Han- 
del's derivation of his predictions for 0 1 ~ .  This is  the domain 
of the theoreticians. They have every right to criticize the 
derivation and replace it by a better one. In the latter case, 
they should see to it that their prediction for aH agrees with 
Handel's prediction for aH, when the latter has been ver- 
ified experimentally. Up to now this has not been done. 

It is difficult for some scientists to understand how a the- 
ory that i s  in their opinion incorrect can give correct pre- 
dictions. It must be emphasized that only experiment can 
decide whether a conclusion is  correct or incorrect. In our 
situation experiments decided that the predictions were 
right, and I see no way to avoid this conclusion. 

Since the accuracy of the measurements i s  f 30 percent, 
correction factors close to unity cannot be detected. 

APPENDIX I 
SEMICLASSICAL DERIVATION FOR HANDEL'S EXPRESSION OF THE 

HOOGE PARAMETER OF COLLISION-FREE DEVICES 

According to Hooge's equation the noise spectrum of 
collision-free devices is 

where I i s  the current, Ne,+ = /de is  the effective number 
of carriers in the system, 7 the appropriate transit time of 
the electrons, and 0 1 ~  i s  the Hooge parameter; (AI) defines 
UH. 

According to Handel 

where a = a0(q/e)' and a. = 2ue2/hc = 11137. Here a0 is the 
fine structure constant for electrons, and a! the fine struc- 
ture constant for a charge conglomerate q; moreover, AV 
is the change in velocity along the electron path. 

We now derive (A2) for q = eor a = a* As is  well known, 
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the Bremsstrahlung power emitted by a single electron is 
11 41 

2e2 
3c3 

P(t) = - a’, for0 < t < r 

and zero otherwise; here r is the transit time (= I O - ’ $  and 
a = dv/dt i s  the acceleration of the electron. 

We now find the spectrum associated with linear pulses 

If we make the Fourier transform F ( j 0 )  for P’”, then for WT 

< 1,  
2e2 1 0  

F(jw) z F(0) = I r  P’” dt = (g) AV (A3b) 

where AV = v(d) - v(0) is the change in velocity along the 
electron path and dis the length of that path. Since r = I O - ’  
s, wr < 1 means that F( jw)  is white up to about 50 MHz. 

Since X = //e = Ne& i s  the rate at which pulses occur per 
second, we have for the r / P  (Carson’s theorem) 

S,.p(f) = 2F(O)‘X = - 4e2 A? A. 
3c3 

But we are not interested in the spectrum SHp(f), but rather 
in the quantum spectrum associated with the pulses P. This 
spectrum corresponds to the rate of quantum emission and 
is related to S,.p(f) by 

S p(f) 4e2A? A 
S,(f) = - - - - 

h f r  3c3 h f r  

where hf i s  the quantum energy; S,(f) thus has a l l f  spec- 
trum. 

So far the theory is straightforward and (A4) i s  a rigorous 
consequence of (A3). We must now transform from the 
quantum emission rate spectrum to the current spectrum 
S,(f). To that end we observe that the charge transferred by 
a single electron pulse i s  (Ramo‘s theorem) 

The shot noise associated with the current I is  then 

[s,(o)], = 2e2X = 2e/ (A54 

as is well known. 
We must now connect (A4) and (A5a) to find S,(f). S,(f) must 

be proportional to S,(f) and must contain the factor 
[S,(O)],lX = 2e2 (we cannot introduce A twice!). We thus write 

8e2 A? e2X 
Sl(f) = CS,(f) . 2e2 = C - - 

ec3 hf (146) 

where Cis a dimensionless proportionality factor that will 
be determined. Next we rewrite (AI) as 

so that comparison with (A6) gives 

(A7a) 

We can also argue as follows. Experimentally (A2) was 
found to be correct within 20-30 percent and hence C = 1 
with an accuracy of 20-30 percent. We are now indepen- 
dent of Handel’s derivation of aH. 

Equation (A6) i s  in itself a heuristic expression, but the 
factor 2Ce2 is so chosen that C is dimensionless and that 
( c x ~ ) ~ ~ ~ , ,  fits with ((Y~),,,~~~. This requires 0.70 < C < 1.30. 

Equations(A6)and (A7a) are fully equivalent: (A7a)follows 
from (A6) and by inversion (A6) follows from (A7a). 

Ourtheory i s  essentiallyaone-particletheory, since each 
electron only interacts with its own Bremsstrahlung. With 
“interaction” we mean that the Bremsstrahlung energy 
comes from the accelerated electron (energy law). 

‘ 

We now take C = 1 and write (A61 as 

This illustrates energy law stated above. 
We now show that (A2) is independent of the model. To 

that end we consider a collision-free system in which the 
current i s  carried by charge conglomerates q that are uni- 
formly accelerated. Taking P(t) from (3) and replacing e2 by 
q2, the average Bremsstrahlung energy emitted per pulse 
i s  

since 
dv AV 
dt  r 

a = - = -  

is the uniform acceleration. 

as 
We now consider Handel’s equation (A2) and rewrite it 

Note that (A8) and (A9) have the same factor between square 
brackets in common. The assumption that the l l f  noise in 
collision-free devices is due to Bremsstrahlung already 
implies the validity of the two terms (q/e)’ and (Av/c)’ that 
are most easily verified. A detailed analysis of aH only adds 
a factor 41h. 

Where does the factor come from? Comparing with the 
preceeding we see that the factor 4 comes from applying 
Carson’s theorem twice; each application adds a factor 2. 
In addition, thefactor llh comes from thechange-over from 
the energy spectrum to aquantum emission rate spectrum. 
Any derivation of aH that involves these two steps gives the 
same result. 

The expression of aH i s  therefore relatively independent 
of the detailed electron-photon interaction process. 

An exact theory, both for the collision-free and the col- 
lision-dominated devices, i s  urgently needed. 

APPENDIX II 

DOMINATED n+-p OR p+-n DIODES AND n+-p-n AND 

p+-n-p BJTS 

10(a)). It i s  equivalent to Fig. 10(b), with 

TRANSMISSION LINE MODEL FOR l / f  NOISE IN DIFFUSION 

We first evaluate the response to the series emf ed (Fig. 

(A10) Z, = Z, tanh y~ Z, = Z, tanh yo(w - x )  For C = 1 we obtain Handel’s result (A2). 
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(b) (C) 

Fig. 10. (a) Equivalent circuit of transmission line of length 
L. (b) Equivalent circuit for ed; Z, and Zz in series. (c) Equiv- 
alent circuit for e,,; Z, and Z, in parallel. 

and hence 

1 1 
Z, + Z, Z, ed [ tanh y,,x + tanh yo(w - x) 

j 0 = 3 L = -  

ed cosh 7 0  x cosh yo (W - X) - _  - 
z, sinh yow 

Try for 0 c y < x the expression: 

icy) = a cosh yoy + b cosh yo(x - y ) ,  

For y = 0: 

i(0) = il = a + b cosh yo x 

and for y = x: 

i (x)  = -io = a cosh y,,x + b. 

(AlOa) 

( A l l )  

(AI 1 a) 

For x +- 0 the b cosh y,,x term blows up; hence we must 
take b = 0. This means il = a; -io = a cosh yox or 

ed cosh ~ O ( W  - X) 
j l = - -  

Z, sinh yow 

(AI 1 b) 

We now evaluate the response of the current generator 
id 

(A12a) 
. sinh yo(w - x). 

(A12b) . . sinh y,,x 
sinh yow 

12 = /d 7 

so that the two transfer functions for edand for id have now 
been evaluated. 
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