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CHAPTER I 

INTRODUCTION 

Spontaneous fluctuations seem nothing but an unwanted 

evil which only an unwise experimenter would encounter! 

MacDonald (1962} 



Electrical noise phenomena become more important with miniaturization in 

integrated circuits [1-3]. There is a growing need to understand, to predict, and 

if possible, to reduce the magnitude of the noise contributions in semiconductor 

devices. The four most relevant types of noise are: thermal noise, shot noise, 

generation-recombination (gr) noise and 1/f noise. 

Thermal noise and shot noise are both well understood and their magnitude 

can be calculated. Generation-recombination noise is understood as well. It is 

caused by free electrons being trapped and released by traps. This noise con-

tribution can be lowered by reducing the trap density [1-4]. 

The physical origin of 1/f noise is not understood and its magnitude can not 

be predicted [4-7]. In some cases it is possible to reduce the 1/f noise con-

tribution to a certain extent. However, the physical mechanism behind this reduc-

tion is not clear at present [8-12]. Therefore it is interesting to study the 

properties of 1/f noise. 

For homogeneous semiconductors the 1/f noise can be described with the 

empirical relation 

a/fN (1) 

where SR is the spectral density of the resistance fluctuations, R the resistance, 

f the frequency, N the number of carriers and a the 1/f noise parameter. The 

validity of eq. (1) was shown for metals and semiconductors with an a-value of 

10-3 [5]. However, also a-values between 10-8 and 10-4 are found [8-15]. It is 

possible that a is lower for samples with a small volume than for samples with 

a large volume. This possibility is investigated in the chapters III and IV. It 

is also possible that samples made from crystals with a higher quality show a 

lower a-value. The experimental results of the chapters IV and V confirm this 

possibility. 

If eq. (1) is correct, the 1/f noise sources are distributed homogeneously 
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through the sample. In the McWhorter model the noise sources are related to traps 

located in the oxide [3-6]. Resistance fluctuations are then caused by electrons 

tunneling to and from these oxide traps. The location of the 1/f noise sources is 

studied in the chapters III, IV and VI in order to decide which of the models -

bulk sources or oxide traps - is correct. 

The wide range of a-values between 10-8 and 10-3 is not understood although 

several explanations have been put forward. Here we mention one possible explana-

tion: the 1/f noise parameter a depends on the defect concentration. Noise 

experiments on annealed samples suggest that samples with a lower defect density 

show a lower a-value. Fleetwood and Giordano [11] found that the a-value of 

Au60Pd40 wires decreased with an anneal treatment. Vandamme and Oosterhoff found 

an a-value of 3 x 10-4 in Si after an anneal treatment at 450°C [12]. The a-value 

-5 decreased with increasing anneal temperature to below 10 after an anneal treat-

ment at 900 °C. An anneal treatment decreases the defect concentration in the 

sample. Thus, these experiments suggest that a lower defect density gives a lower 

a-value. Experiments confirming this suggestion are discussed in chapter V. 

Despite extensive research, the temperature dependence of the 1/f noise para-

meter a is still puzzling [8-10]. In the literature· a-values are reported of the 

-3 order of 10 weakly dependent on temperature [5], but also a-values of the order 

of 10-3 at 300 K strongly decreasing with decreasing temperature [6-13]. In the 

chapters III and IV the temperature dependence of a is given for a-values between 

10-5 and 10-6 at 300 K in p- and n-Si samples. 

r --- -, 
I 

~Rs~ ~ 
I 
I 

I I 
I 2 I 
I 

I I 
I 

L ---- .....J 

Figure 1: Experimental set-up (1 : low-noise preamplifier; 2 

spectrum analyser 2131; 3 : plotter). 
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Figure 2: 

Two spectra. The noise contribution from the preamplifier is subtracted. The solid 

line shows the 1/f noise. The dashed line shows the thermal (4kTR) noise. The 

dashed and dotted line shows the noise contribution from the preamplifier. The 

resistance of the sample is 520 0 and the applied voltage V = 40.7 mV for spectrum 

(•) and V = 0.163 V for (•). 
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Fig. 1 shows the experimental set-up for measuring noise. The sample with 

resistance R , the low-noise preamplifier, the battery and the load resistance s 

~ (RL > 20 Rs) are placed in a Faraday cage. The amplified noise signal is led 

through the spectrum analyser. In the spectrum analyser the noise signal is passed 

through 42 parallel 1/3 octave band-pass filters with center frequencies ranging 

from 1.6 Hz to 20 kHz. The resulting 42 signals are squared, averaged and plotted. 

Thus, we obtain the spectral density of the voltage fluctuations 

(2) 

where avf,&f(t) is the output signal of the band-pass filter with center frequency 

f and band width 6f. G is the gain of the preamplifier and < > means the time 

average. Fig. 2 shows two measured spectra. The noise from the preamplifier, 

measured with the preamplifier short-circuited, is subtracted. Two noise con-

tributions are observed: thermal (4kTR) noise and 1/f noise. 

This thesis is organized as follows: 

In chapter II the temperature dependence of the 1/f noise parameter a is given 

for some p-Si samples. Two of these p-Si samples have an inhomogeneous current 

pattern. In this case, the number of carriers in eq. (1) must be replaced by 

an effective number of carriers Neff' An analytical expression is derived 

giving Neff for a ring geometry. 

- Chapter III is a contribution to the 8th International Conference on Noise in 

Physical Systems, Rome (1985). It presents the experimentally found temperature 

and volume dependence of the 1/f noise parameter a for p- and n-Si. 

- Chapter IV gives the 1/f noise parameter a for n- and p-Si samples with doping 

concentrations between 1014 and 1018 cm- 3 and with various device geometries. 

The 1/f noise parameter a is presented as a function of volume and temperature 

between 77 and 300 K. The experimental results are discussed and compared with 

results from the literature. 
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- Chapter V investigates the influence of the anneal temperature (450 oc < T < an 

900 °C) on the 1/f noise in ion-implanted resistors. The conductivity, Hall 

voltage and 1/f noise parameter a are presented between 77 and 300 K. 

- Chapter VI is a paper accepted for publication in Physica B describing the 

gate-voltage dependence of the 1/f noise in n-Si samples with a large semicon-

ductor-oxide interface. Thus, the influence of a gate oxide on the 1/f noise 

in Si is investigated. 

- Chapter VII describes experiments on narrow-base pn-diodes. The current 

mechanism is identified. The fluctuations in the current are calculated and 

compared with experiment. 

Chapter VIII is a theoretical paper. The suggestion by Sub that 1/f noise is 

caused by intraband transitions is refuted. It is shown that these transitions 

do not cause fluctuations in the number of free electrons. The resistivity 

fluctuations caused by intraband transitions are not 1/f-like at low frequen-

cies. 
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CHAPTER II 
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1/f NOISE IN P-SI 
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I. Introduction 

The spectral density SV of the 1/f noise in the ac open-circuit voltage 

fluctuations in homogeneous semiconductors can be described with the empirical 

relation 

S /V2 = a/fN v (1) 

where V is the applied voltage. f the frequency. N the number of free charge 

carriers and a the 1/f noise parameter [1]. 

It was shown that 1/f noise is caused by fluctuations in the mobility and 

not in the number of free charge carriers. There is experimental evidence that 

only the contribution by the lattice scattering to the mobility fluctuates. In 

that case one has for a [1] 

(2) 

where ~ is the mobility. ~t the mobility due to lattice scattering and at a 

dimensionless parameter which is found in the range from 10-7 to 10-3 [1-3]. 

This broad range of at values is not yet understood. 

We shall present the measured temperature dependence of a and at in p-Si 

between 77 and 300 K. Some noise results are obtained from samples with an in-

homogeneous current pattern whereas eq. (1) is valid only for homogeneous current 

patterns. For samples with an inhomogeneous current pattern N must be replaced 

by Neff given by 

Neff = nneff (3) 

where n is the carrier concentration and neff the effective noise volume given 

by [1] 

neff= {fd3~E2(~)}jt{Jd3~E4(~)} (4) 

where E(~) is the electric field at spot ~. We shall use eq. (4) to calculate 
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the effective noise volume of samples with an inhomogeneous current pattern. 

II. Experimental procedure 

The measurements were carried out on two different geometries shown in fig. 1. 

Table I gives some relevant data of the p-Si samples. The samples pSi 2 and pSi 3 

are made by modern IC technology. 

Figure 1: Geometries used in this chapter. The hatched areas are the p+ ohmic 

contacts. 

L 

a: cylinder geometry 

sample pSi 1 pSi 2 pSi 3 

geometry cylinder ring ring 

resistivity (flcm) 30 15 1 

acceptor concentration (cm-3) 4.5 X 1014 9 X 1014 1.6 X 1016 

L ( fll!l) 980 3600 1070 

a ( fll!l) 6.5 ll.5 

d (fll!l) 350 220 

r1 (fll!l} 600 

r2 (fll!l) 625 

Table I: Data of the samples at 300 K 
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The resistivity p can be calculated from the measured resistance R with the 

help of the following equation 

(5) 

for the cylinder geometry. The resistivity p of the wafer from which the samples 

with the ring geometry were manufactured was measured at 300 K. Then the resis

tivity p(T) at temperature T can be determined from the resistance R(T) at tem

perature T by using 

p(T)/p(300 K) = R(T)/R(300 K) 

Fig. 2 shows the measured temperature dependence of the resistivity. 

1 

• • • 

12 

• 
• 

• • 

T(K) 

• 

(6) 



Hall measurements are not possible for these geometries. Therefore, we cal-

culate the carrier concentration from the acceptor concentration N using charge a 

neutrality. The carrier concentration p is given by [4] 

p = - ~ N~ + i{NV2 + 4NVNA}~ (7) 

where Nv=(Ny/gA)exp[(Ey- EA)/kT], Mv the density of states in valence band and 

gA and EA the degeneracy factor and the energy of the acceptor state, respectively. 

Eq. (7) can be approximated by 

for T > T1 
(8) 

p = (MvNA)iexp(&y-EA) 
gA 2kT 

for T < T1 (9) 

(10) 

The boron acceptor state is 44 meV above the valence band edge [5] and the dege-

neracy factor gA = 4 [6]. 

The density of states in the valence band N = 1 x 1019 (T/300)3/ 2 cm- 3 [7]. v 

The concentration of acceptors in the p-Si samples is determined with the 

help of p versus NA curves given in the literature [8]. The concentration of 

acceptors for the p-Si samples is given in table I. The temperature dependence 

of the hole concentration, computed with eq. (7), is shown in fig. 3. 
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100 77 

T { K} 

pSi 2 

pSi 1 

Figure 3: Temperature dependence of the hole concentration (calculated from the 

acceptor concentration). 

The mobility is calculated from the measured resistivity and the calculated 

hole density with the help of the equation 

p = 1/epp (11) 

The temperature dependence of the mobility is shown in fig. 4. The lattice 

mobility (taken from ref. [9]} is also shown. In fig. 5 of chapter IV these 
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mobility data are compared with measured mobilities and it can be concluded that 

the calculated mobilities are in agreement with the measured mobilities of other 

p-Si samples with the same dope. 

2 
~p(cm /Vs) 

f 

·--- T (K) 

Figure 4: Temperature dependence of the mobility (solid lines). 

The lattice hole mobility is also shown (dashed line). 
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Figure 5: 

""'£ The 4kTR noise for sample pSi 1 
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at 300 K is shown by the dashed line 

(• : pSi 1, 

v = 2.09 v. 

T = 300 K; 

• : pSI 3, 

V = 1.05 V, 

T = 253 K). 
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Four spectra. The noise contribution from the amplifier and the thermal (4KTR) 

noise are subtracted. The 1/f noise level is given by the solid line. 
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Figure 6: 

The noise contribution from 

the amplifier is shown by the 

dashed and dotted line 

(• : pSi 2, 

V = 0.174 V, 

T = 77 K; 

0 : pSi 2, 

v = 0.263 v, 

T = 185 K). 



The noise was measured with a real-time spectrum analyser in the frequency 

range from 1.6 Hz to 20 kHz. Figs. 5 and 6 show four spectra. The noise contribu

tion of the amplifier and the thermal noise (4kTR} of the sample are subtracted. 

For most spectra the slope was found to be - 1.0 (see fig. 5). Also, some spectra 

were observed with a slope different from - 1.0 over the whole frequency range 

(an example of such a spectrum is shown in fig. 6: spectrum 0)~ 

We have restricted ourselves to electric fields for which I ~ V and sv~ V2 • 

Therefore hot-electron effects and Joule heating can be neglected. 

III. Effective noise volume 

Since r 1 ~ r 2, the current density in the cylinder geometry is considered 

as homogeneous. Therefore, the effective noise volume equals the volume of the 

sample 

(12) 

In the ring geometry the current density is inhomogeneous (see fig. lb). 

Therefore, eq. (4) must be used to calculate the effective noise volume. Since 

L = n(r1 + r 2) >> a, we assume a 2-dimensional geometry although the device is of 

radial type. The electric field is high in the region around both contacts (see 

fig. 1b). Thus, this region gives the highest contribution to the integrals 

appearing in eq. (4). In this region the electric field, equipotential planes and 

contacts are conveniently described with elliptic cylinder coordinates [10]. 

The orthogonal elliptic cylinder coordinates (~, '· z) are related to car

tesian coordinates by the following relations 

x = c cosh(~)cos(~) 

y = c sinh(n)sin(~) (13) 

z = z 

where c is the distance between the two foci of the confocal ellipses n = const. 

and the hyperbolas ~ = const. For this contact problem we can restrict ourselves 

17 



to 

0 ~ n ~ arcsinh(d/c) 

(14) 

where d is the thickness of the substrate. 

The elementary volume d3~ is given by 

-+ 
d3 r ~ dx dy dz = gn gljl gz dn dljl dz (15) 

where g , g,,, and g are the metric coefficients given by n ., z 

gn = gljl • c[cosh2 (n) - cos 2 (1jl)]! = g 

d 

Figure 8: 

Elliptic cylinder coordinates. 

The ellipses n • const. and 

the hyperbolas 1jl = const. are 

+ shown. The p ohmic contacts 

and the points P and Q are 

also shown. 

18 

p+ 

(16) 

Figure 7: 

Ring geometry, situation 

between the rings. Electric 

and equipotential lines 

(dashed lines) are sketched. 

p+ 
-- 4J=~ 

._---....._..,.....,~ _ ' ' 4J =Const 
TJ=Const 



From the figs. 7 and 8 we see that equipotential lines and electric field 

lines are approximately the hyperbolas~= const. and the ellipses n = const., 

+ respectively. The p contacts can be approximated with the regions 0 ~ ~ ~ ' and 

u - ' ~ ~ ~ u. The parameter 'will be determined later. Thus, the electric field 

components E = E = 0 and only E,,, + 0. Maxwell's equations read in this special 
11 z '!' 

case [10] 

v . 'E = a~ (g
11
Ew) = o 

v x E = a~ (g~ElJI) = a~ (glJIElJI) = o 
(17) 

A solution of eq. (17) is 

(18) 

The integration constant A can be determined by evaluating the potential difference 

between the two contacts. With eq. (18) we find 

u-' 
V = f gljld~Eljl = A(u - 2,) (19) 

' 
where it is assumed that the electric field Eljl(ljl < ' or ljl > u ') = 0. 

It follows from eqs. (18), (19) that 

(20) 

Now, we are able to evaluate analytically the integrals appearing in eq. (4) 

(see Appendix I). We also find an expression for the resistance R. We have 

RI2 = P-1 fd3~E2(~) 

With eqs. (20), (21) and (A2) the resistance R is given by 

R = p(u - 2')/L arcsinh(d/c) 

In appendix I it is shown that 
4 

fd3~E4 (~) = ~! (~_v2,) ln[(tan(,))-1] 

(21) 

(22) 

(23) 

The parameter c is almost equal to a. This is seen in fig. 8 by point P on the 

+ edge of the p -contact. From eq. (13) we have for this point P that lJip = l;, and 

11p = 0. Thus, we have 
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a = c cos(~) ~ c (24) 

for ~ << 1. With eqs. (4), (21)-(24) we find for the effective noise volume 

0 
~ L{(~ - 2C)a arcsinh(d/a)}2 

eff ~ ln[(tan(C))-1] 
(25) 

The effective noise volume depends on the unknown parameter C through 

-1 
ln[(tan(~)) ]. Since~ - 2C ~ ~ for C << 1 the resistance only weakly depends 

on C and thus, the resistance R can not be used to determine c. Therefore, we 

determine C from the diffusiondepth t ofthe p+ ohmic contacts. The point Q 

located on the boundary of the p+ contacts is given by Q = (xa, t, z) in cartesian 

coordinates where x is a dimensionless parameter which is estimated later (see 

fig. 8). In elliptic cylinder coordinates the spot Q is given by Q = (n0• c, z). 

From eqs. (13) and (24) we obtain 

xa = a cosh(nQ) 

t = a sinh(nQ)tan{C) 

From eqs. (26) and (27) we find for C 

C ~ tan(C) = t/a(x2 + 1)~ 

(26) 

(27) 

(28) 

provided that C << 1. We estimate that x is a number between 1 and 2. The edges 

+ of the real p contact are approximately the hyperbolas~= C and~=~-~ in 

the regions where the electric field is high for this range of x-values. For 

convenience we choose x = 13. Then, we obtain 

C = t/2a (29) 

Here we note that Oeff given by eq. (25) weakly depends on ~. 

IV. Results and discussion 

+ The diffusion depths of the p contacts of the samples pSi 2 and pSi 3 are 

given in table II. The parameter c, determined with eq. (29), is also given in 

table II. The resistance R 1 is calculated with eq. (22) and the data in tables ca c 

I and II. The calculated resistance Reale and the measured resistance Rexp at 

300 K are given in table II for the samples pSi 2 and pSi 3. It can be concluded 
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that the resistance is reasonably well expressed by eq. (22). The effective noise 

volume, calculated with eq. (25) is given in table II. The noise volume of the 

cylindrical sample pSi 1 is calculated with eq. (12) 

sample I pSi 1 pSi 2 pSi 3 

diffusion depth t ()JJII.) 1.6 1.0 

parameter l;; = t/2a 0.12 0.04 

calculated R calc 
(0) 27 8 

experimental R (0) 250 24 9 
exp 

geff (emS) 1. 2 X 10 -3 3.3 X 10 -6 2.5 X 10 
-6 

Table II: Resistance and effective noise volume of the samples at 300 K. 

-4 Figure 9: 

10 Temperature dependence 

a..,cx.l ' of the 1/f noise ,, 
1 ' 

parameter a (black 

' ' symbols, • pSi 1; 

' ' ' ' 0 • : pSi 2; • : pSi 3). 
0 0 0 0 0 

0 0 0 0 0 0 • The parameter a~ 
-5 • • • 0 • 10 • (open symbols) is 

0 • • .. ; shown at temperatures 
• • ; ; for which ~ < ~t 

• • • • (o : pSi 2; o : pSi 3). 

• ... T (K) Upper limits for a are 

indicated with a 
-6 

10 300 
vertical arrow. 
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Now, a values can be determined with eqs. (1) and (3) and the data in tables 

I and II. The temperature dependence of the 1/f noise parameter a is shown in 

fig. 9. a~ values are determined with eq. (2) and the mobility data in fig. 4 for 

pSi 2 and pSi 3. We have ~ = ~~ and consequently a = a~ between 125 K and 300 K 

-5 
for pSi 1. We observe an a~ Value of the order of 10 independent of temperature 

for pSi 3. Palenskis and Shoblitzkas [11] found an a~-value higher by a factor of 

100 and independent of temperature in p- and n-Si. Because of earlier successes 

of eq. (2) one would expect a~ to be independent of temperature. That is confirmed 

by pSi 3, whereas pSi 2 suggests that a is a better constant than a~. 

The temperature dependence of the 1/f noise parameter in p- and n-Si is more exten-

sively discussed in chapter 4. 
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Appendix I 

In order to find the effective noise volume Oeff defined in eq. (4) we 

evaluate two integrals. The first one is 

(Al) 

where the metric coefficients are given by eq. (16) and the electric field is 

taken from eq. (20). We obtain 

Jd3 tE2(t) = V2L arcsinh(d/c)/(~ - 2~) (A2) 

The second integral is 

(A3) 

Evaluating the integral in brackets we find for (A3) 

L ( V )" ~-1;. arcsinh(d/ c) 1 
c2 1..~ _ 2, / d!JI / dTJ [cosh2(TJ) - cos2(1ji)]- (A4) 

The integral over TJ can be found in the literature [12]. The integral (A4) yields 

(AS) 

where y = tanh[arcsinh(d/c)]. With the new variable x = tan(lji)/y the integral 

(AS) yields 

4 ~/2 
2L ( V ) J d!f ~12 - arctan~xl 
~ ~- 21;. 

~ 
ycos2(1j1) tan(lll)/y (A6) 

Using the relation 

arctan(x) + arctan (1/x) 'IT/2 for x > 0 (A7) 

the integral (A6) yields 
.. 00 

2L ( V ) J dx arctan(l/x) 
'C2 tr - 2~ tan(lll)/y X 

(AS) 

For 1;. << 1 we have that p = tan(~)/y << 1 and consequently 1/p >> 1. 

Since arctan (1/x)/x ~ 1/x2 for x >> 1 the integral (AS) approximately equals 
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4 1/ 
2L (----V---) f P dx arctan(l/x) 
c2 1T - 2t;, x 

p 
(A9) 

We evaluate the integral in (A9) by dividing eq. (A7) by x, integrating from p to 

1 and using 

1 f dx arctan(x) 
X p 

= }/pdx arctan(1/x) 
1 X 

(A10) 

We obtain 

1/p f dx arctan(1/x) = ~ ln ( 1/p) 
X 2 

(All) 
p 

With y = tanh[arcsinh (d/c)] ~ 1 and c ~ a we arrive at 

(A12) 
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CHAPTER III 

DEPENDENCE OF THE 1/f NOISE PARAMETER 

ON VOLUME AND TEMPERATURE 

Abstract 

Experimental results are presented concerning Hooge•s 1/f noise parameter 

~~ in silicon. It is shown that the ~~ does not depend on the effective noise 

volume. An ~~ value of the order of 10-6 was found for volumes between 10-16 

-11 3 and 10 m • The temperature dependence of ~t between 77 and 300 K is measured. 

We observed a weak dependence of ~t on temperature. 
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1. INTRODUCTION 
The 1/f noise in the conductance of homoge

neous semiconductors can be described with 
Hooge's empirical relation 

Sy!V2 = a/fN = (pfpt)2 a~/fN (1) 
in which pis the mobility, v~ the lattice 
mobility, f the frequency, N the number of car
riers and at and a are dimensionless parameters. 
Experiments have indicated mobilityfluctuations 
rather than number fluctuations as the source of 
1/f noise. Furthermore, it has been shown that 
1/f noise is caused by fluctuations in the 
mobility due to lattice scattering. This leads 
to the correction factor (p/p1 )

2 in (1). 1 

Values for at between 10-3 and 10-8 have been 
observed.2•3 This broad range of at values is 
not yet understood. Bisschop2 suggested that the 
parameter at depends on the effective noise 
volume. His collection of a1 values didn't give 
a decisive answer. 

The temperature dependence of at is still 
ambigious. From 300 K to 77 K in Si and Ge 

Bisschop2 found an a1 value which decreased by 
a factor of 10 to 100. Palenskis and Shoblitz
kas4 found a constant at between 400 K and 77 K 

in n- and p-Si. 

2. EXPERIMENTS 
For our experiments we used point contacts on 

an n-Si and a p-Si substrate. The radii of the 
point contacts ranged from 100 llm to 1 vm. On 
the same chip of 3·5 x 3·5 x 0·4 mm3 there is a 

large ohmic contact of 1·2 x 1·2 mm2 for measu
ring bulk properties. For the p-type substrate 
the p + contacts were made by means of a boron 
implant and for the n-type substrate then+ 
contacts by a phosphorus diffusion. The depth 
of implantation or diffusion is 1 ~m. 

The resistivity ~of the wafer is detennined by 
measuring the resistance of the various con
tacts. The resistance of the point contacts is 
given by5• 

R = pro = p {arctan(d/ta)- arctan(b/eal}(z) 
2na 2na t 

with a the radius of the point contact, b the 
implantation or diffusion depth, d the thick
ness of the wafer and & equals (1-(b/a)2)i. 

10-l 
p {lim) 

t. p-Si 
• • ••• • • • • 

00 0 0 0 D 

102 0 0 
0 

0 n-Si 
~ a (IJ.m) 

100 

FIGURE 1 
The resistivity obtained from point contacts 
(o, •l and bulk contact (c, •l as functions of 

mask dimensions 

Figure 1 shows p as computed for each contact 
with a the radius expected from mask dimensions. 
For the smallest contacts on the n-Si substrate, 
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because of 1 ~m .underdiffusion, the actual radii 
are larger than the expected radii. When this is 
accounted for, the resistivity of the smallest 
point contact becomes 0·016 Qm. For the implan
ted contacts there is no difference between 
actual and expected radii. At 300 K the resis
tivities are 0·022 Qm and 0·016 Qm for the p
and n-Si substrates, respectively. 

p (Qm) 

i • • 0 

p-Si • 0 -2 • 10 •• 00 
0 0 

• 0 n-Si 
• • 0 

• 0 
oo 

-3 ........, T (Kl 
1o ~,obo~----~2~o=o------~3o=o~ 

FIGURE 2 
Temperature dependence of the resistivity of p

and n-Si 

Figure 2 gives the measured temperature depen
dence of the resistivity. With these and other 
data from 1iterature6•7•8 the mobility and the 
carrier concentration are computed. The tempe
rature dependence of the carrier concentrations 
is given in figure 3 for each. Figure 4 gives 
the temperature dependence of the mobilities and 
lattice mobilities~~ taken from6•7•8• At 300 K 
the carrier concentrations are 6·3 x 10 21 m-3 

and 3•0 x 1021 m-3 and the mobilities 0·045m2/V s 
and 0 ·131 m2tv s for p- and n-Si, respectively. 

The noise spectra were.obtained by a real 
time spectrum analyser. The measurements were 
carried out between 2 Hz and 16 kHz. The coef
ficient y(=- d~n(Sv)/d~n(f)) is found to be 1·0. 

3. RESULTS ANO DISCUSSION 
In tlle case of an fnhooogeneous current pattern, 

as with point contacts, the total number of 

i 

\ 

' 
___,.. TCK l 

30 100 300 

FIGURE 3 
Temperature dependence of computed mobility 
(solid line) and lattice mobility (dashed line) 

of p- and n-Si 

22 i!).!ll,-'.;\I-IL--..---'---1llf.01LO ------, 
10 n(p) m' _,. T <Kl 

p-Si 

FIGURE 4 
Temperature dependence of the carrier concen
tration (computed) of p- and n-Si 

carriers N in ( 1) must be replaced by Neff nil, 
with g the effective noise volume1• For point 
contacts with resistance R, the effective noise 
volume5 is given by: 

3 23 5 () 
Q = (5p /4rr R )(r

0 
/s

0
) 3 

The factors r
0

, s
0 

and s
0
/r

0
5 are given in 

figure 5. 
With this effective noise volume and with 

equation (1), the a values are computed. 

27 



Dependence of the l/f noise parameter o:R on volume and temperature 

10 

Sol , 
/ro 

d: 0·4mm 

So 

FIGUR~ 5 
The factors r

0
, s

0
, s

0
/r

0 
as functions of b/a 

Figure 6 shows a as a function of the effective 
noise volume. We find an a value of the order 
of 10-6 at 300 K and 77 K which is independent 
of this volume ?ver five decades. For the point 
contacts with the largest radii, due to the 
large ohmic contact on the other side of the 
chip, a change of the current pattern occurs. 
This will reduce the effective noise volume and 
the a value for at most a factor of two. We 
have not taken this into account. 

10

5r 
0 0. 0 • 

liP o• 0 • o• 0 

10-61 
•o • 0 

i 
~ 

Figure 7 shows the measured temperature depen
dence of a and at of the point contact having 
a radius of 5 pm. The temperature dependence of 
a and at of the other point contacts was the 
same. The a and at values for n-Si show a small, 
but significant temperature dependence. 

0 
0 0 0 n-Si 

105 0 0 

O.(O.t) 0 oo 
0 

i 0 0 0 
0 0 

~ • c 

• • ,p I 
• • • 0 • p-Si 

~ 
T (Kl -lu 100 200 300 

FIGURE 7 
Temperature dependence of a and a

1 
of p- and n-Si 

Figure 8 compares the temperature dependence 
of a

1 
as measured by Bisschop2 and Palenskis 

and Shoblit~kas4 with our results. 

0 

0 

g 
• - Q (m') 

1()16 1d5 1d.J4 U)l3 1012 

FIGURE 6 
a as function of the effective noise volume for p-Si at 300 K (t) and 77 K (•) and for n·Si at 

300 K (o) and 77 K (o) 
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10·2 
0.[ • i • 

n-Si • 0 

10-3 ~~ ~ ... (). ... c.&~ 'ie.... 
p-Si 0 

0 • 
p-Si 

0 

w·4 0 • • 0 n-Si 
0 ~ 0 

• • • 
10·5 • • n-Si 

• • • 0 0 0 0 o• 
p-Si i 

1()6 
-T(Kl 

100 200 300 

FIGURE 8 
Temperature dependence of Ot take~ from litera
ture (• and o from2 ,4 and 6 from )and our 
results (o and •l 

4. CONCLUSIONS 
We have shown that the 1/f noise density in 

Si is inversely proportional to the effective 

noise volume over five decades. These results 
confirm Hooge's empirical relation 1• Thus, 1/f 
noise is a volume effect in this case also, 
where an o! value of 10-6 is observed. It can 
be concluded that o

1 
is independent of the 

effective noise volume • 
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CHAPTER IV 

VOLUME AND TEMPERATURE DEPENDENCE 

OF THE 1/f NOISE PARAMETER a IN SI 

Abstract 

We present resistivity, Hall and noise measurements for p- and n-Si 

between 77 and 300 K. A 1/f noise parameter a between 10-6 and 10-4 at 300 K 

and between 10-7 and 10-3 at 77 K is found in n- and p-Si. The a-value is 

independent of the effective volume. 

It is shown that 1/f noise sources are located in the bulk. Hooge•s 

empirical relation is confirmed in the case where an a-value of 10-6 is obser-

ved. The temperature dependence of the a-value is measured for n- and p-Si 

with doping concentrations between 1014 and 1018 cm-3 . 

The magnitude of the a-value and its temperature dependence are related 

to the manufacturing process. Our measurements give no experimental support 

for the quantum 1/f noise 
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I. Introduction 

It is common practice to present experimental results on 1/f noise in 

homogeneous semiconductors and in metals in terms of a values defined by [1] 

S /V2 = a/fN v (1) 

where SV is the spectral density of the ac open-circuit voltage fluctuations, 

V the applied voltage, f the frequency and N the number of free charge carriers. 

-8 -3 The 1/f noise parameter a is found in the range from 10 to 10 in semicon-

ductors [1-10]. This broad range of a-values is not yet understood. 

(i) An effort is made to explain this broad range of a-values by assuming 

that it is the contribution of lattice scattering to the mobility that 

causes mobility fluctuations. It is then found that 

a = (~/~~) 2 a~ ~a~ (2) 

where ~ is the mobility and ~~ and a~ the mobility and the 1/f noise 

parameter due to lattice scattering, 

-7 range of a~ values is observed (10 

respectively. However, also a broad 

-3 
< a~ < 10 (4-6]). 

(ii) Bisschop [2] has suggested that the 1/f noise parameter a depends on the 

effective noise volume. His collection of a values didn't give a decisive 

answer. 

(iii) According to Peng et al. [7], tL~ quantum 1/f noise theory predicts a 

transition from incoherent state with a ~ 10-8 for short devices to 

coherent state quantum 1/f noise with a ~ 10-3 for long devices. 

The temperature dependence of a is still ambiguous. An a-value decreasing 

with decreasing temperature is observed in Ge [3], Si [3,8] and InP [9]. 

A temperature-independent a~ is found for Si [6,10]. 

Here, we present the results of resistivity, Hall and noise measurements 

on homogeneously doped n- and p-Si samples with various impurity concentrations 

and geometries in the temperature range from 77 to 300 K. The magnitude of the 

1/f noise parameter a is investigated as a function of the length of the sample, 

effective noise volume, temperature and impurity concentration. 
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II. Conductivity data 

In our experiments we used various device geometries. Table I gives the 

device geometry of the samples. The planar structure of sample EnSi 1105 

provided with a large gate electrode has been described elsewhere [11]. The 

samples with the prefix E are manufactured by EFFIC (see Acknowledgements). The 

VHD structure (Vertical Hall Device) has been described in the literature 

[12,13] (fig la). The circular contact geometry is shown in fig. lb. On a chip 

of 3.5 x 3.5 x 0.4 mm3 circular contacts are present with radii between 1 ~ 

and 100 ~· For p-Si the ohmic contacts were made by means of a boron implant 

and for n-Si by means of a phosphorous diffusion. The depth of implantation 

is 1 ~ and the depth of the diffusion, determined from the underdiffusion, is 

between 1 and 5 ~· The ring geometry of samples pSi 2,3 is shown in fig. lc 

(see also [2]). More details about the planar sample pSi 1 are given in 

chapter II. 
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sample 

VHD 

EnSi 1105 

EnSi 3500 

EnSi 06 

EpSi 709 

EpSi 100 

EpSi 703 

EpSi 4001 

pSi 1 

pSi 2 

pSi 3 

p (ncm) -3 n, p (em ) 2 
J.1 (em /Vs) 

4.5 1 X 1015 1390 

4.4 1 X 1015 1400 

63 7 X 1013 1420 

1.6 3 X 1015 1310 

24 6 X 1014 470 

2.2 6 X 1015 450 

0.82 2 X 1.016 410 

0.088 4 X 1017 200 

30 5 X 1014 460 

15 9 X 1014 460 

1 2 X 1016 420 

3 geometry 0eff (em ) Of. 

VHD 1.1 X 10 -8 ( 9 X 10-7 • 
planar 10-lO - 10-7 6 X 10-5 • 

2 X 10-5 • 
3 X 10-6 • 

circular 10-ll - 2 X 10-6 • 
contact 10-5 2 X 10-6 ... 

2 X 10-6 • 
8 X 10-6 • 

planar 1. 2 X 10 -3 6 X 10-5 • 
ring 3.3 X 10 -6 2 X 10-6 X 

ring 2.5 X 10 -6 2 X 10-S + 



Figure la: Vertical Hall device 

Figure lb: Circular contact geometry 

~· 
Figure lc: Ring structure (L = ff(r1 + r 2) ) 

,2 ~ 

l Figure ld: Greek-cross structure (L = 3~) 

L ...._ 

I 
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The temperature dependence of the resistivity p is given by 

p(T) = p(300 K)R(T)/R(300 K) (3) 

where R(T) is the resistance at temperature T. The resistivity at 300 K of the 

planar sample pSi 1 is related to the resistance by 

p = RA/L (4) 

where L and A are the contact spacing and the area of the sample, respectively. 

For the samples pSi 2,3 and the Vertical Hall Device the resistivity at 300 K 

is given by the manufacturer (see table I). The resistance calculated with the 

resistivity at 300 K agreed with the measured resistance to within 10 %. 

Greek-cross structures (see fig. ld) are available on EnSi 1105 chips. 

Here the resistivity can be determined from the sheet resistance R
0 

with 

equation [14] 

where t is the thickness of the sample, v12 the voltage measured across two 

adjacent contacts and 134 the 

current passed through the 

other two adjacent contacts. 

Figure 2: 

Temperature dependence of the 

resistivity for p-Si: 

(•: pSi 1; 

•: EpSi 709 

x: pSi 2; 

y: EpSi 100; 

+: pSi 3; 

•: EpSi 703; .. EpSi 4001) 

10 

1 

• • • • X X 

• • • 

p-Si • 
I • • \ + X 

• + X 
•• X 

• • X 

• • X 
X 

• • • 

-T(K) 

' ' ' ' ,, ' 
+ • \ t + ,, • 

" 
• • • 

(5) 
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10 -• Temperature dependence of the 

• •' 
resistivity for n-Si 

' r- •• • - (• EnSi 3500; 

•• • • . : EnSi 1105; 

• •• • 
1 - ... • EnSi 06; - . . • .. 

• 
• . : VHD) • 

• • • 1- -

- T (Kl 
-1 I I I I I 

10 100 200 300 

The resistivity can be determined with four-probe resistivity measurements 

for the samples with circular geometry. For the device shown in fig. lb the 

resistivity can be determined with the help of the following equation (s << d) 

[15] 

(6) 

where s is the distance between the contacts (s = 50 ~. 400 < d < 600 ~). 

The temperature dependence of the resistivity of the devices in table I is 

shown in figs. 2 and 3. 
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Figure 4: 

The radius a of the point contact 

as determined from the resistance 

and the resistivity at 300 K versus 

the radius ao for the mask dimen-

sions 10 

(• EnSi 3500; 

• · EnSi 06; 

... : EpSi 100). 1 

• 
• 

/ 
/ 

' 
1 

T =300 K 

10 

The radius a of a circular contact will be greater than the mask radius a0 , 

due to underdiffusion. The radius a can be determined from the resistance and 

the resistivity with the following equation [16] 

R = ___Q_ {arctan (_Q.) - arctan (1L) } 2va£ £a e:a 
(7) 

where d is the thickness of the substrate, b the diffusion or implantation depth 

and £ (1 - (b/a) 2 )l. Fig. 4 shows radius a versus radius a0 as expected from 

mask dimensions for EnSi 3500, 06 and BpSi 100. For the implanted contacts 

EpSi 100, the radius a is calculated taking an implantation depth of 1 pm. The 

radius a is found to be almost equal to the radius a0• For the diffused contacts 

the underdiffusion is taken equal to the diffusion depth. An underdiffusion 

of 1.3 pm is observed for EnSi 06 and of 4 pm for EnSi 3500. The underdiffusion 

increases with increasing ratio between dope concentration in the contact and 

dope concentration in the substrate. 
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The samples EnSi 1105 have a Greek-cross structure [17]. Therefore Hall 

measurements can be performed and the density of free charge carriers n (or p) 

can be determined. Also, the Vertical Hall Device is suitable for Hall measure-

ments [12]. For both structures the Hall voltage VH is given by 

VH = rHGIB/ent (10) 

where I is the current, B the magnetic induction, rH the Hall factor and G the 

geometry factor close to unity. 

T {K) -
• • 

1a7 p(cn'i3) • 

I p-Si 
Figure 5: 

Temperature dependence of 

A • A 
carrier concentration for p-Si 

(for symbols see fig. 2). 

' ' ' ' Solid lines give the calculated 

carrier concentration for pSi 1, 

,as 2 2 and 3 • .___.. 
-•-+-.--:r--+- ·-

103/T (K-1) 

38 



Figure 6: 

Temperature dependence of 

carrier concentration for 

n-Si (for symbols see 

fig. 3). 

Solid line gives the 

calculated carrier 

concentration for EnSi 3500. 

T(K) 

• • 

' 

n-Si 

-
• • 

' ' ' 

For the wafers EnSi 06, 3500 and EpSi 709, 100, 703, 4001 the carrier con

centration n(p) at 300 K has been determined from the resistivity p with the 

help of p versus n curves given in literature [18,19]. The results are given in 

table I. Van der Pauw structures have been made from the wafers. The product 

GrH at 300 K has been determined from the carrier concentration and the measured 

Hall voltage with eq. (10). The temperature dependence of the carrier concen

tration can be determined if we assume that GrH is temperature-independent. 

Hall measurements are not possible with the planar sample pSi 1 and with the 

ring structures pSi 2,3. The carrier concentration has been computed for these 

samples by assuming an impurity level E1 meV above (for acceptors) or below (for 

donors) the band edge. For the density of free charge carriers p it is found that 

[20] 

for T > T1 
(11) 
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p = (NINB/g1)! exp[- EI/2kT] 

T1 = EI/k ln[NB/giNI] 

for T < T1 (12) 

(13) 

where NB is the density of states in the band, NI the density of impurities and 

g1 the degeneracy of the impurity state. Donor states are twofold-degenerate. 

For acceptor states the situation is more complex. Then the structure of 

the valence band (light and heavy hole bands degenerate at k = 0 and the spin

orbit split-off band) must be accounted for in the effective mass approach. It 

is shown that the ground state has total angular momentum 3/2 and thus is four

fold-degenerate [21). Here we neglect the contribution of the excited states of 

·the donors and the acceptors. 

Figs. 5 and 6 show the measured carrier concentration versus T for p- and 

n-Si, respectively. In figs. 5 and 6 the product rHG is assumedto be temperature 

independent. We have G = 0.8 [12] for the VHD and G = 0.95 [17) for EnSi 1105. 

Since the Hall measurements cannot be trusted for EnSi 3500 we compute the 

carrier concentration for this sample with eqs. (11)-(13). For the samples 

pSi 1-3 we also compute the carrier concentration. The energy level for 

boron acceptors EA = 43.8 meV and for phosphorus donors E0 = 44 mEV (22]. 

For N
1 

we take the carrier concentration at 300 K as determined from the 

resistivity [18,19] since all donors and acceptors are ionized at 300 K. The 

calculated carrier concentration is shown in figs. 5 and 6 for p- and n-Si, 

respectively. 
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The mobility can be determined from the resistivity and the carrier density 

with 

J.l • 1/ pen (14) 

Figs. 7 and 8 show the results for p- and n-Si, respectively. The lattice 

mobility (taken from the literature [18,19]) is also given. 

The mobility is determined from the calculated carrier density for the 

samples pSi 1-3 and EnSi 3500. The calculated mobilities are in agreement with 

the measured mobilities of the other p-Si samples with the same dope. As expec-

ted for the low doped EnSi 3500 the mobility approximately equals the lattice 

mobility. 

Figure 7: 

Temperature dependence of the 

mobility for p-Si (for symbols 

see fig. 2). Solid lines are 

for pSi 1, pSi 2 and pSi 3. 

The dashed line gives the 

lattice mobility. Carrier 

concentrations (cm-3) are 

given. 

2 
10 

2 
IJ.p(cm!Vs) 

f 
• • 

p-Si 

• 
• 

- T(K) 

• • 
• 
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1
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3 

III. Results of noise measurements 

Figure 8: 

Temperature dependence of the 

mobility for n-Si (for symbols 

see fig. 3). Solid line is for 

EnSi 3500. The dashed line 

gives the lattice mobility. 

Carrier concentrations (cm-3) 

are given. 

We consider three types of noise: thermal noise (4kTR). generation-recom-

bination (gr) noise and 1/f noise. For the voltage noise spectrum we have 

(15) 

The gr term accounts for several gr processes. 

Fig. 9 shows some spectra obtained after subtracting the 4kTR noise. In 

fig. 9 three spectra show 1/f noise only (•. •. •). One spectrum (•) can be 

explained by assuming a gr component with ~ = 7 ms and a 1/f noise component. 

Also shown is a spectrum (x) that can be explained in terms of gr processes 

only with a distribution of characteristic times. This spectrumcan be explained 

by assuming characteristic times in the range from 20 ~s to 30 ms. We estimate 

the low-frequency plateau of the gr component with ~ = 3 ms. The spectral 
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Figure 9a: 

(• : Ensi 3500, T = 118 K, 

V • 30.2 mV; 

• • EnSi 06, T = 175 K, 

V = 84.5 mV; 

X pSi 2, T = 222 K, 

V = 0.453 V) 

Five measured spectra. The 4 kTR noise is subtracted and its level is given by 

the dashed line. The solid line gives the 1/f noise level and the dashed and 

dotted line the gr noise level. Arrows give the inverse of the characteristic 

time 1/2~T of the gr noise component. 

Figure 9b: 

(t : EpSi 709, T = 178 K, 

1016 
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-16 density at low frequencies (f < 1/2~t = 50 Hz) SV = 10 V2 /Hz (see fig. 9). 

Then, with eq. (15) we find Ci/N2 = 5 x 10-14 . With the data from table I and 

fig. 7 we find N = nO = 3 x 109 and C. = 4 x 105 << N. 
1 

For gr noise with one time constant we have C. = <(6N) 2 >: << N. For gr noise 
1 

with a distribution of characteristic times t the C.'s are complicated functions 
1 

of the trap properties. However, from C. << N we conclude that we can describe 
1 

the spectrum (x) with equation (15) assuming a trap density low compared to the 

density of free charge carriers. 

Some authors [5] prefer to describe the spectrum (x) with equation 

(16) 

y-1 where ~ has the dimension [~] = Hz • For the spectrum under consideration 

y ~ 0.7 is found. If we describe our spectra with eq. (15), only an upper limit 

for a can then be determined for spectrum (x). This is indicated in the figures 

13, 14 and 15 with a vertical arrow. 

We describe the results of our noise measurements with the empirical 

relation eq. (1). We deal only with homogeneously doped samples. For samples 

with a nonhomogeneous current pattern we have to replace N by Neff in eq. (1) 

(17) 

where neff is the effective noise volume given by [3] 

(18) 

neff has been calculated for all the geometries used in this study [12,16]. The 

effective noise volume for circular contacts is given by [16] 

(19) 

where r and s are factors accounting for the eccentricity of the geometry. The 

factors r, sand r 5 /s are given in literature [6, 16]. The neff for the ring 

structure is given by (see chapter 2) 
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L{(~- 2E) a arcsinh(d/a)} 2 

~ ln[(tan(~))- 1] 
(20) 



where d is the thickness of the substrate, ~ a factor between 0 and 1 that is 

related to the diffusion depth of the contacts. The meaning of a is explained 

in fig. 1c and L is given by L = ~(r1 + r 2). 

With the effective noise volume given by eqs. (19), (20) and the empirical 

relation eq. (1) a values are .. calculated. 
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Figure 10: a versus the effective noise volume Oeff at 300 K 

• -
-

(• EpSi 709; Y : EpSi 100; • : EnSi 06} and at 77 K (V EpSi 100; 

o • EnSi 06). 

We present a at 77 K and 300 K as a function of the effective noise volume 

in fig. 10. We observe that a is independent of aeff and of the order of 10-6 

i.e. 1/f noise is a bulk effect. A model in which the noise sources are located 
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Figure 11: a as a function of the length L of the device for EnSi 1105 at 77 K. 
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at the surface predicts Sv ~ n-4/ 3 [23]. 

We present the 1/f noise parameter ~ as a function of the channel length 

for EnSi 1105 (without gate electrode) at 77 K. Fig. 11 shows the results for one 

-5 chip of 4 x 2.5 x 0.4 mm3 • We observe an ~-value of 10 that is independent of 

the length of the channel. This behaviour is expected for noise sources dis-

tributed homogeneously either at the surface or in the bulk of the sample. These 

results are in contradiction to the experimental results of Peng et. al. 

obtained with p-MOSFETs [7]. There, it was observed that a increases from 10-6 

-4 
for devices with a channel length L = 14 vm to 10 for devices with L= 196 vm. 

We come back to this matter in section IV.d. 

10-4 I I I Figure 12: 

EpSi 4001 
dependence of a a. temperature 

- 1 •• - for three point contacts 

• • ' • • '•. .. • from EpSi 4001 
• .. t.\ 

-~ • (• ao 2vm; 10 r- ' •Yi -• • ,. .. 
• ' . : ao = 3 vm; • 

' • • ao 5 vm) • 
...... -• 

-T(K) 
-~ I I I 

10 100 200 300 

Fig. 12 shows the temperature dependence of the 1/f noise parameter a of 

EpSi 4001 obtained on three circular contacts from one chip. We observe that 

the a-values scatter by a factor of 2. Because of the scattering, the observed 

variations with temperature are not significant. Scattering of ~-values is also 

observed by other authors [3,8]. 

In figs. 13 and 14 we present the temperature dependence of a for the 
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IV. Discussion 

From the results in fig. 10 we concluded that 1/f noise is a bulk effect. 

However, Jantsch [23] suggested that 1/f noise is caused by noise sources 

located at grain boundaries. Jantsch stated that our results are no proof of a 

bulk effect (part of the results of fig. 10 had already been published in ref. 

-1 [6]). Therefore we now state our conclusion more carefully: SV ~ Qeff means 

that the noise sources are distributed homogeneously over the sample. Thus, the 

model proposed by Jantsch is not in contradiction with the results of fig. 10, 

provided the grain boundaries are distributed homogeneously over the sample and 

the 1/f noise sources are distributed homogeneously over the grain boundaries. 

In the past, the validity of the empirical relation eq. (1) was already 

shown for n-values of the order of 10-3 [1]. Here, the validity of eq. (1) is 

-6 also shown for a-values of 10 • These results do not support Bisschop 1 s sug-

gestion [2] that samples with a small effective volume Qeff show lower a-values 

than samples with a large neff' 

Figure 15: 

a as a function of 

().I/]Jg,) 2 for p- and n-Si at 77K 

<• EpSi 709; X pSi 2; 

(f.. 

f 
/ 

/ 
¢ •c / 

' EpSi 100; + pSi 3; / 

T =77K / 
~ / ... . EpSi 703; • EpSi 4001; / ~ / 

o EnSi 3500; ~ : EnSi 1105; / ' JC 

• / 

o : EnSi 06; 0 : VHD). / 

/ 

/ 

Upper limits for a are / 
/ 

indicated by a vertical arrow. 
2 - ( iJ./1-L ll 

-7 
1010 1 
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-3 An a
1 

value of 10 independent of ~~~i was found for Ge. It was concluded 

that it is only the contribution by lattice scattering to the mobility that 

fluctuates. Fig. 15 shows the a values found for the samples in table I at 77 K. 

It can be seen that the a-value is not proportional to (~/~i)2 for Si at 77 K, 

in contradiction to the experimental results for Ge. 

Different temperature dependences are reported here and in the literature. 

An a-value declining to low temperatures is observed in p-Ge [3], n-Si [3], 

p-Si [3,8] and n-InSb [9] (see fig. 16). This temperature dependence of a can 

be described by 

a= A exp (- E/kT) + B (25) 

(for Si and Ge for T < 300 K and for n-InSb for T < 200 K). Eq. (25) describes 

a thermally activated process. An activation energy E ~ 0.1 eV and a B between 

-5 -3 10 and 10 are observed in Ge, Si and n-InSb. 

Luo et. al. [8] found that his data could also be described with the 

following equation (see fig. 16) 

a(T) = Cst/p(T)~2 (T) 
p 

(26) 

Luo derived eq. (26) by assuming noise sources in a surface layer. However, 

Alekperov et. al. [9] found noise sources homogeneously distributed through the 

sample. They found experimentally that the a-value is independent of surface 

treatment and thickness of the sample in the temperature range where the expo-

nential term dominates over B. 

For our sample EnSi 1105 it was shown [11] that noise sources near the semicon-

ductor-oxide interface dominate the 1/f noise. However, our a-value depends 

weakly on temperature. Thus, eq. (26) cannot be applied to Alekperov 1 s and our 

(EnSi 1105) data. 

It is also possible to fit the experimental results for Ge, Si and n-InSb 
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Figure 16: Temperature dependence of a found in the literature (• : Luo [8]; 
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• : Bisschop [3]; •: Alekperov [9]). Solidline(eq. (25) with A= 0.33, 

E = 0.1 eV and B = 4 x 10-4) and dashed line (eq. (26)) are taken 

from Luo [8]. Dashed and dotted line shows eq. (27) fitted to Bis-

-13 -5 schop's data (y = 4, A= 3 x 10 • B = 4 x 10 ). 



with (see fig. 16) 

a(T) = ATY + B (27) 

Then, y ~ 4 for Bisschop 1 s data, y ~ 5 for Luo's data and y ~ 6 for Alekperov 1 s 

data. We do not know of any physical mechanism for which eq. (27) follows. Eq. 

(27) does not point to a thermally activated process. 

Luo found an a-value of 10-2 at 300 K decreasing with decreasing tempera-

ture for his p-Si sample treated at 950 °C only. The p-Si samples treated at a 

-4 
low temperature (T = 550 oc) show a low a-value (a ~ 10 ) weakly dependent on 

temperature. The processing temperature is thought to be the crucial parameter 

in explaining this behaviour. Although processed at a low temperature (contacts 

evaporated at 90 °C) p-Ge shows the same temperature dependence of a as p-Si 

treated at 950 °C. Our samples do not show thisparticulartemperature dependence 

(see figs. 13 and 14), although processed at high temperatures (T > 900 °C). 

Noise sources showing a decreasing a with decreasing temperature are observed 

-3 when a > 10 at 300 K. Perhaps these noise sources can be avoided by manufac-

turing samples in a modern IC laboratory. 

The validity of the quantum 1/f noise theory has been questioned more than 

once [24] • Here, we will not be concerned with the theory itself but simply 

compare experimental results with the predictions of this theory. According to 

Peng et, al. [7] a transition occurs from incoherent-state quantum 1/f noise 

-8 -3 (a ~ 10 ) for short devices to coherent state quantum 1/f noise (a ~ 10 ) for 

long devices. They observed this transition in p-MOSFETs between 10 and 200 ~· 

This is in contradiction to our results for EnSi 1105, where an a of 10-5 at 

77 K independent of the channel length (5 ~ < L < 300 ~) is observed (see 

fig. 11). 

Kousik et. al. [25] assume various scattering mechanisms in both n-Si and 

n-GaAs. With the help of the quantum 1/f noise theory they calculate a-values 

as a function of temperature and impurity concentration. The a-values shown in 
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figs. 13, 14 and 15 are higher by a factor of 10 at least than the a-values 

ealculated by Kousik. Kousik compares his calculations with experimental results 

from the literature. It is worth while to comment on these experimental results 

quoted by Kousik. The a-value of 2 x 10-7 found in p-Si (that is our pSi 3) at 

300 K by Bisschop is based on his erroneous calculation of Qeff' A recalculation 

-5 
of Qeff based on eq. (20) gives an a-value of 10 • There is no a-value of 

7 x 10-7 for Si at 300 Kin Bisschop 1 s thesis [2]. That value was used in 

fig. 16 of ref.[25]. For polysilicon resistors with doping 1.8 x 1017 cm-3 

-9 -8 
Bisschop reported C values (C = a/N) between 10 and 10 • Kousik erroneously 

quoted these values as a-values. Schmidt et. al. [26].reported an a-value of 

6 x 10-S for GaAs at 300 K instead of the 2 x 10-8 reported by Kousik. Thus, 

only three data points for Si at 300 K in fig. 16 of ref. (25] remain after 

elimination of erroneous data. There is not enough experimental confirmation of 

the temperature dependence of a predicted by the quantum 1/f noise theory. 

Conclusions 

The experimental results can be described with noise sources located in 

the bulk. The validity of the empirical relation eq. (1) is also shown with a 

1/f · t f th d of 10-6• Th "d f 1 (10-8 no1se parame er a o e or er e w1 e range o a-va ues < 

a < 10-3
) remains unexplained. The order of magnitude of a does not depend on 

the effective volume or on the length of the device. 

Various trends in the temperature dependence of a have been observed. 

A strong temperature dependence of a (a ~ T~ with 4 < ~ < 6) is observed for 

a > 10-3 at 300 K. A weaker temperature dependence of a (a "- TY with - 3 < y < 2) 

-4 is observed for a < 10 at 300 K. The magnitude and the temperature dependence 

of a are possibly related to the manufacturing process. In this case, the pro-

cessing temperature is not the only parameter of importance.Experimentalresults 

presented here and in the literature do not support the quantum 1/f noise theory. 
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CHAPTER V 

1/f NOISE IN ION-IMPLANTED RESISTORS 

BETWEEN 77 AND 300 K 

Abstract 

The conductivity, the Hall effect and the noise of ion-implanted resistors 

is measured between 77 and 300 K. The temperature dependence of the carrier 

concentration in these boron-doped layers can't be explained by the freeze-

out of the boron acceptor level. Possible explanations are a temperature-depen-

dent Hall factor rand a distribution.of trap levels 0.1-0.2 eV above the 

valence-band edge. The mobility can be determined from the conductivity and 

the Hall effect data. The mobility shows the highest value after.annealing 

at 750 oc. The value of the 1/f noise parameter a shows a weak temperature 

dependence after annealing at 450 oc, 550 °C, 650 oc and 900 °C. After anneal-

-S -7 ing at 750 oc the a-value decreases from 10 at 300 K to lower than 2 x 10 

at 77 K. The highest mobility p gives the lowest 1/f noise parameter a. This 

indicates that more defects and lattice damage give more 1/f noise. Additional 

scattering mechanisms have much more influence on the 1/f noise parameter a 

than on the mobility p. 
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I. INTRODUCTION 

Oosterhoff and Middelhoek have reported on high-en· 
ergy (1 MeV) implantations of 1013 cm-2 boron in silicon.' 
They have studied the conductivity and the carrier concen
tration in these layers after annealing at between 450 and 
900 ·c. They concluded that all implanted impurities are 
electrically active after 60-min annealing at 700 •c. Further
more, after annealing at 600 •c or higher, the mobility p is 
given by 

1 1 1 
-= +-. (1) 
fl Pi flt,B 

where p 1 is the lattice mobility andp1,B the mobility caused 
by scattering from ionized B acceptors. After annealing at a 
temperature below 600 •c the mobility is lower than predict
ed by Eq. ( 1 } . This is due to lattice damage. 

The ll/noise of these deep (1.6-pm) implanted layers 
was studied by Vandamme and Oosterhoff at 300 K. 2 The 11 
I noise in homogeneous semiconductors can be described 
with Hooge's empirical relation3 

Sv!V2 = a:/fN, (2) 

where Sv is the spectral density of the ac open-circuit voltage 
fluctuations, V the applied voltage./ the frequency, N the 
number of carriers, and a: the 1// noise parameter. Van
damme and Oosterhoff presented a: as a function of the an
nealing temperature Tan with 450 ·c < Tan < 900 ·c. An a: 
value of 3 X w-4 was found after annealing at 450 ·c and 
a:< 6 X 10-6 after annealing at 900 ·c. The a: value was 
found to be proportional to exp( + !J.E lkT.n) with 
!J.E = 1.1 eV and T atl inK. 

In this paper we present conductivity, Hall, and noise 
measurements in the temperature range from 77 to 300 K 
that were carried out on these 1-MeV implanted layers. 

II. EXPERIMENTAL PROCEDURE 

The sample preparation is briefty descn'bed here. For 
details refer to Refs. 1 and 2. The deep layer is formed by 
implanting double-ionized Bat 50 keV. This gives the same 
impurity profile as implanting single-ionized Bat 1 MeV.' 
The ohmic contacts to the layer are formed by a series of 
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implantations.2 An annealing treatment is necessary to 
achieve electrical activation of the implanted B ions and to 
reduce the defect concentration in the layer. 

The impurity profile in the contacts and the layer is de
picted in Ref. 2. The impurity profile in the implanted layer 
around the top is approximately a Gaussian distribution 

N,.(x) N,. exp( (x-RpY), (3) 
ARp..[2'1T 2(1:1Rp) 2 

where N,. is the electrically active part of the implanted dose, 
ARp is the straggle ( = 0.12 pm), and Rp the projected 
range ( = 1.6pm). 

The active layer is implanted in the form of a Greek 
cross (see Fig. 1). The contribution to the resistance, the 
4kTR noise/ and the 11/noise from the contacts (1-4) is 
low for this conftguration.4 

The noise is measured with a real-time spectrum analyz
er in the frequency range from 1.6 Hz to 20 kHz. In the 
absence of a generation-recombination (GR) noise compo
nent the slope of the spectra r=a ln(Sv )Ia ln(f) is found to 
be - I. GR noise components are present after an annealing 
treatment at 650 ·cor higher. These make it often difficult to 
determine a reliable value for the slope of the 1// noise com
ponent (see Fig. 6). 

FlO. I. Ion-implanted layer in the n-Si substrate. The contractll { 1-4) and 
the impurity prolile are also shown. 



Ill. THEORY 

A. Carrier concentration 

The carrier concentration can be determined from the 
measurement of the Hall voltage. The sheet Hall coefficient 
R H.f:J is defined as 

RH,Q = VH/IB, (4) 

where V H is the Hall voltage, I is the current, and B is the 
magnetic induction. For a Greek cross the sheet Hall coeffi
cient is given by-5·6 

0.95 Sdxp(x)pH(x)p0 (x) 
Reo= , (5) 

' e [fdxp(x)p0 (x)] 2 

where p(x) is the earner concentration at depth x. The Hall 
mobility Pn and the drift mobility p 0 are defined by 

p 0 (x) =e(r(x))/m*, (6) 

PH(x) = r(x)p 0 (x), 

r(x) = (r(x))/(r(x)) 2, 

(7) 

(8) 

where r(x) is the relaxation time, r(x) the Hall factor, and 
() means averaging over the valence band. 

The Hall factor r depends on the scattering mechanism. 
If only lattice scattering is present, a value of r = 31T/8 
= 1.18 is predicted. Scattering by ionized impurities in

creasesthevalueofrtoatmost3151T/512 = 1.93.7 However, 
for p-Si, due to the complex valence band, r values between 
0.7 and 0.9 are reported.8 In this paper the value of r = 0.8 
independent of the impurity concentration is used. It is also 
assumed that r is independent of the temperature. 

B. Noise 

The spectral density of the 1// noise in homogeneous 
semiconductors can be described by Hooge's empirical rela
tion, Eq. (I). The 11/noise parameter a is often found9

•
10 in 

the range from 10-7 to w-3• 

The noise of an inhomogeneous layer such as an im
planted layer can be calculated. For a planar geometry with 
contact spacing L and width Wit is found that3 

Sv a Sdxp(x)p~(x) 

?= fWL [Sdxp(x)p
0

(x)] 2 • (
9

) 

For the Greek cross configuration p2 in Eqs. (l 5) and (16) 
of Ref. 2 must be replaced by Petr given by 

Pew= (f dxp(x)p0 (x) )If dxp(x)p1(x), 

and Eq. (9) modified to 

a(JR0 )
2 S dx p(x>p1 (x) 

Sv=-s-·r:.::..._.- , 
rJ [f dxp(x)p0 (x)] 2 

(10) 

where R 0 is the sheet resistance and S the sample surface 
{S = 5 Jl). When the noise is measured across the current
carrying contacts 1 and 3, the factor F = 0.13. When the 
noise is measured in a four-probe configuration where the 
current is passed through contacts 1 and 3 and the noise is 
measured across contacts 2 and 4, the factor F = 1.06. 

The Hall factor is assumed to be independent of the im
purity concentration and thus independent of x. Then Eqs. 
( 5) and ( 10) may be combined to give 

J. Appl. Phys .• Vol. 62, No. 5, 1 September 1987 

Sv =a[ (IR 0 )
2/SF/] (eRn,0 /r), 

where the factor 0.95 from Eq. ( 5) is taken as 1. 

IV. EXPERIMENTAL RESULTS AND DISCUSSION 

A. Sheet resistance 

(11) 

For the Greek cross configuration the sheet resistance 
R0 is given by11 

R0 (1T/ln2)(V12//34), (12} 

where I 34 is the current passed through two adjacent con
tacts and V12 the voltage measured across the other two adja
cent contacts. 

For ideal contacts the sheet resistance can also be deter
rninedfrom 

R0 (V13//13)/2.32. (13} 

If the contacts are not ideal, ( V13//13}/2.32 is higher than 
the sheet resistance. In that case it gives a measure of the 
quality of the contacts. The sheet resistance as determined 
from Eq. ( 13) is 5%-10% higher than that determined from 
Eq. ( 12). This gives an impression of the contribution to the 
resistance from the contacts towards the implanted layer. 

The sheet resistance between 77 and 300 K for the an
nealed resistors is given in Fig. 2. After annealing at 450 ·c, 
the sheet resistance increases with decreasing temperature. 
After annealing at higher temperatures, the sheet resistance 
reduces with decreasing temperature. The sheet resistance is 
given by 

R0 =(efdxp(x),u0 (x))-
1

• (14) 

The carrier concentration p and the mobility p will be dis
cussed below. 
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FIG. 2. Sheet resistance as a function of temperature after several annealing 
treatments (0: T~ =450'C; A: T~ =SSO'C; 0: Tu =650'C; ., 
T.. = 7SO'C; A: T.., = 900'C). 
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B. Hall measurements 

The Hall elfect was measured at a current of 50 p,A and 
magnetic fields between 0.4 and 0.8 T. Figure 3 shows a plot 
of r!eRH,o assuming a value of r = 0.8 for the Hall factor 
independent of the temperature. The quantity r/eRH.o• 
which is defined in Eq. (5), is approximately equal to 

_r_ ""Jdxp(x), (15) 
eRH.o 

which is the number of carriers/cm2 in the implanted layer. 
The temperature dependence of the hole concentration 

can be computed assuming space-charge neutrality and one 
acceptor level EA eV above the valence-band edge.7 The 
hole concentration is given by 

p(T)=NA forT>T1, (16) 

p(T)=(NvNAI2) 112 exp( EA/2kT) forT<T., (17) 

T1 =EA!kln(Nv!2NA), (18) 

where N A is the acceptor concentration and N v the density 
of states in the valence band. Below the temperature r. the 
freeze-out of the acceptors sets in. For boron-doped silicon 
EA = 45 meV.7 The maximum acceptor concentration in 
the impurity profile NA 3X 1017 cm-3

• The freeze-out 
sets in at T1 = 158 K. 

From Fig. 3 one can see that the decrease in hole concen
tration is only observed in the limited temperature range 
from 300 to 150 K. Furthermore, T1 > 300 K. Thus, the 
freeze-out of the B-acceptor level45 meV above the valence
band edge does not explain the observed temperature depen
dence of the hole concentration. 

0 . . . 
0 

2 a 

rfeRHo 
a 

0 0 

{C rri2 ) 

t -- mYT 
m' 3 5 7 9 

FIG. 3. r/eRHJJ (approximately equal to the number of holes/em' in the 
implanted layer) as a function of temperature (for symbols see Fig. 2). 
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A possible explanation for the observed temperature de
pendence is a temperature-dependent r value (in contradic
tion to what has been assumed until now). Figure 4 shows 
the temperature dependence of the hypothetical r value 
which would result in a temperature dependence of the hole 
concentration according to Eqs. (16)-(18). From what is 
known7

•
8 r values are expected between 0.7 and 1.93. Below 

115 K r values lower than 0.7 are found after annealing at 
750 and 900 ·c. 

A second possible explanation is a distribution of trap 
levels in the range of 0.1-0.2 eV above the valence-band 
edge with a sheet concentration of the order of 1012 cm-2

• 

The freeze-out of the deepest level sets in above 300 K and of 
the shallowest level at 160 K. The slope of the curves in Fig. 3 
is determined by the trap concentrations as a function of 
energy. 

Using the sheet resistence and the Hall data, the mobil
ity can be computed as 

(19) 

The Hall mobility is averaged over the impurity profile as 

p,8 = (f dxp(x)p,D(x)pH(x))j(f dxp(x)p,D(x)). 

(20) 

Figure 5 shows pH as a function of temperature. The lattice 
mobility rp 1 is also shown. 12

•
13 After annealing at 750 •c, 

mobility is higher than after 900 •c. Since the concentration 
of ionized boron is approximately equal after both annealing 
treatments, more defects and lattice damage are present after 
annealing at 900 •c than after 750 ·c. 

C. Noise measurements 

In the noise measurements the usual 4kTR noise is ob
served. With an applied voltage, GR noise and 1/ f noise are 
also observed. The GR noise is caused by fluctuations in the 
number of holes in the valence band owing to the presence of 
traps. The spectral density is described by 

lOr-.-------.-----~ 

r 

t 

-- T <Kl 
0.1'---;:!v;-------:+=----...J_....: 

100 200 300 

FIG. 4. Temperatore dependence of the hypothetical rvalue which would 
result in a hole concentration according to Eqs. { 16 )-( 18) { forsymbols see 
Fig. 2). 
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FIG. 5. Hall mobility p." as a function of temperature (for symbols see Fig. 
2). The lattice mobility rp. 1 (r = 0.8) is also shown. 

S,{j) = 4kTR + aV2/fN 

+ 4V21' (.1N)2 /N 2
[ 1 + (211'/1') 2

]. (21} 

In this expression the third term describes the OR noise in 
which (.iN} 2 is the variance in the number of holes in the 
valence band and 1' the characteristic time. 

Figure 6 shows a number of spectra. The 4kTR noise is 
subtracted and its level is given by the dashed line. Both llf 
noise and OR noise is observed. The solid lines indicate the 
1/ /noise levels and the dashed and dotted lines the OR noise 
levels. The lowest spectrum is an example of one that is 
dominated by OR noise. Sometimes, only an upper limit for 
a can be determined. This is indicated in Fig. 7 by an arrow. 

Here we describe the shape of the spectra between 300 
and 77 K after annealing: 

(i) 450"C anneal: At 300 and 77 K only I// noise is 
observed. Between 300 and 77 K OR noise is also observed. 
The characteristic time is 50 ps at 275 K and increases with 
decreasing temperature. At 100 K a 1' value of 5 ms is ob
served. 

(ii) 550 •c anneal: Only !//noise is observed between 
300and 77K. 

(iii} 650 •c anneal: At 300 K ll/ noise and OR noise 
with a r = 250 ps are observed. Between 260 and 170 K only 
II/ noise is observed. Below 170 K OR noise is observed 
with a r = 15 ps at 160 K, increasing to S rns at 77 K. 

(iv) 7SO"C anneal: At 300 K 11/noise and OR noise 
with a T = 300 ps is observed. At 250 K a 1' = 15 ps is ob
served increasing to 5 ms at 77 K. 

(v) 9oo•c anneal: Between 260 and 180 K only 1// 
noise is observed. At higher temperatures, OR noise with a 
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-+f(Hzl 1d8 

10-2()1.1 ---...J,o ___ ...J1o'2 __ ___,1o"3 __ ,____10' 

FIG. 6. Spectra measured in the four-probe configuration with opposite 
sensor and driver electrodes. The 4kTR noise is subtracted and its level is 
given by the dashed line. The !//noise level is given by the solid line and tbe 
GR. noise level by tbe dashed and dotted line. Arrows give tbe inverse of tbe 
characteristic time 1/211'1' of the GR. noise components. (0: T _ = 450 "C, 

T=260 K. Jl= 1.0 V; 0: T,.. =650~, T=22l K. Jl= 1.13 V; ., 
T,. =750'C, T=228 K. JI=3.S8 V; .A.: T .. =900"C, T= 123 K, 
V=I.02V.) 

T = 300 psis observed. At 170 K OR noise with aT= 15 ps 
is observed. The characteristic time increases to 5 ms at 
77K. 

From now on we concentrate on the 11/noise. Figure 7 
shows the a values measured in the four-probe configuration 
(sensor and driver contacts opposite each other) between 
300 and 77 K assuming a temperature-independent r value. 
At 300 K, a values between 3 X w-4 (after annealing at 
450 "C) and 10-5 are observed. After annealing at 750 and 
900 •c only an upper limit for a of 10-'5 could be deter
mined. In Ref. 2 the observed a values have the same order of 
magnitude {at most a factor of 2 lower). After annealing at 
450, 550, 650, and 900 •c thea values show a weak tempera
ture dependence. After annealing ·at 750 •c the a value 
strongly decreases from m-s at 275 K to below 2 X 10-7 at 
SOK. 

Figure 8 shows p 8 and a as a fnnction of the annealing 
temperature at 123 K. As already noted, after annealing at 
900 ·c more defects and lattice damage are present than 
after 750 •c. The II/ noise parameter a after annealing at 
750 ·c is at least one order of magnitude lower than after 
900 •c. The results depicted in Fig. 8 suggest that the magni
tude of the noise is much more sensitive to defects and lattice 
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FIG. 7. Temperature dependence of o (for symbols see F18. 2). 

damage than the mobility is. 

V. CONCLUSIONS 

We measured the sheet resistance, the Hall effect, and 
the noise of ion-implanted resistors between 77 and 300 K. 
The Hall data cannot be explained by the freeze-out of the 
boron acceptor level45 meV above the valence-band edge. 
Two possible explanations were suggested: a temperature· 
dependent Hall factor rand a distribution of acceptor levels 
0.1-0.2 eV above the valence-band edge. 

With the sheet resistance and the Hall-effect data and 
noise measurements, values for the 11/ noise parameter a 
can be determined. At 300 K the a values decrease with 
increasing anneal temperature from 3 X 10-4 after annealing 
at 450 •c to lower than w-s after annealing at 900 ·c. The a 
values show a weak temperature dependence after annealing 
at 450, 550, 650, and 900 ·c. After annealing at 750 •c the a 
value strongly decreases from w-s at 275 K to lower than 
10-7 atSOK. 

From the temperature dependence of the mobility it fol
lows that after annealing at 900 ·c more defects and lattice 
damage are present. than after 750 •c. The noise measure· 
ments suggest the more defects and lattice damage give more 
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FIG. 8. Hall mobility P.H (0) and a (0) as a function of !1M: annealing tem
perature at 123 K. The dashed line is a visual guide. 

11/ noise. The magnitude of the 1// noise parameter a. is 
much more sensitive to additional scattering mechanisms 
than the mobility. In particular, around T.,. 750 •c it is 
found that a slight increase in the mobility J.t leads to a strong 
decrease in the 1!/noise parameter a. 
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CHAPTER VI 

INFLUENCE OF A GATE OXIDE ON THE 

1/f NOISE IN SI 

Abstract 

The noise of thin Si samples with a large oxide layer is measured. 1/f 

noise sources in the bulk and near the semiconductor-oxide interface are obser

ved. The 1/f noise parameter a of the noise sources in the bulk is lower by a 

factor of 10 at least than those near the interface. 

The McWhorter model can explain the gate voltage dependence of the a-value 

only at 300 K and its temperature depe~dence only above 160 K. The gate voltage 

dependence can also be explained in terms of mobility fluctuations by assuming 

two parallel layers, a surface layer with a higher a-value and a lower mobility 

than the bulk layer. 
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I. Introduction 

The location of the 1/f noise sources is still under discussion. Is 1/f noise 

in semiconductors a surface or a volume efffect ? 

According to the McWhorter model [1] the 1/f noise is a surface effect. In 

this model the noise is caused by tunneling of electrons from the semiconductor 

to traps in the oxide and vice versa. The 1/f dependence of the spectral density 

is explained in a simple way. The model is often used for explaining 1/f noise in 

MOSTs [2]. 

Many experiments on 1/f noise in semiconductors can be very well described 

with Hooge's empirical relation [3] 

(1) 

where SV is the spectral density of the a.c. open circuit voltage fluctuations, 

V the applied voltage, f the frequency, N the number of carriers and a the 1/f 

-7 -3 noise parameter (10 < a < 10 ). As a consequence of eq. (1), 1/f noise is a 

volume effect. 

This contribution reports on noise measurements performed on thin Si samples 

with an oxide layer provided with a gate electrode. The noise and the resistance 

are measured as a function of the gate voltage at 77 K and 300 K. The temperature 

dependence of the 1/f noise parameter a is measured between 77 K and 300 K. 
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Figure 1: 

n+-n-n+ Si device on a 

p-Si substrate. 

Relevant data are given 

in table I. 



II. Experimental procedure 

Figure 1 shows the device we used for our experiments and table I gives the 

relevant data. The samples were prepared using modern IC technology. On a 

p-Si substrate, an n-Si epitaxial layer is grown. Ohmic n+ contacts are formed 

by phosphorus diffusion. The oxide was grown in dry o2. Devices are available 

with and without an Al gate electrode. 

Table I: Relevant data of the experimental device 

Thickness of epitaxial layer Z 

Thickness of substrate 

Impurity concentration of epitaxial layer ND 

Impurity concentration of substrate NA 

Length L 

Width W 

Thickness of gate oxide t 

The resistance R can be written as 

3 ~ 

400 ~ 

1 X 1015 -3 
em 

5 X 1014 -3 em 

5 - 305 ~ 

15 - 315 ~ 

1500 A 

(2) 

where e is the electronic charge, p(z) the mobility at z and N(z) the number 

of carriers in a layer with thickness dz at z. The nUmber N(z) is a function 

of the gate voltage VG 

N(z,VG) • NO + aN(z,VG) , (3) 

where N0z = nLWZ is the number of electrons in the channel at flat band con-

dition (VG - VFB = 0) and ~N(z,VG) is the excess number of carriers given by 
z 

0
J dz aN(z,VG) = C

0
(VG - VFB)/e , 

where C is the oxide capacitance. 
0 

(4) 

63 



From eqs. (2), (3) it is found that 

(5) 

For VG - VFB > 0 the surface is accumulated. A change in VG causes a change 

in aN at the surface. Thus, with eq. (4) we can write eq. (5) as [4] 

(6) 

where ps is the mobility at the surface. 

For VT < VG - VFB < 0 the surface is depleted (for VG - VFB < VT the surface 

is inverted). A change in VG causes a change in AN at z = d with d the 

depletion width. Therefore we can write eq. (4) as 

(7) 

where vb is the bulk mobility. 

For VG - VFB < VT an inversion layer is formed at the surface and the resis

tance is independent of the gate voltage. 

Fig. 2 shows the measured gate voltage dependence of the resistance at 

300 K and 77 K. First, we analyse the data at 300 K. For VG < - 4 V the in

version region is observed. For - 3 V < VG < 0 V the depletion region is 

observed. With eq. (7) we find a bulk mobility of 1285 cm2 /Vs. For VG > 0 V 

the surface is accumulated. With eq. (6) a surface mobility of 780 cm2 /Vs is 

observed. The surface mobility is expected to be reduced by surface scattering 

and a high electric field E near the interface [5], caused by oxide charges z 

and an applied gate voltage. Second, the data at 77 K. The inversion region 

is not observed. From eq. (2) it follows R(300 K)/R(77 K) = o(300 K)/o(77 K). 

With n(300 K)/n(77 K) = 1.5 and p(300 K)/p(77 K) = 0.17 (as determined from 

Hall measurements) we expect that the inversion region must set in at 10 3/R = 

-1 14.7 n . We have no explanation for this. We note that, for VG < - 8 V, the 

resistance differs for increasing and decreasing gate voltage. The data at 
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Figure 2: Resistance (10 3 /R) as a function of the gate voltage VG at 300 K (o) 

and 77 K (•). 

77 K in fig. 2 give a mobility of 2610 cm2 /Vs. This value is low compared to 

the mobility from the Hall measurements ~ = 8000 cm2 /Vs. 
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The capacitance is measured with the gate, the source and the substrate 

connected to the high, the low and the ground terminal, respectively. The 

measured capacitance at 300 K and 77 K as a function of the applied voltage 

VGS between gate and source is shown in fig. 3. With the data of table I and 

C {pF) 
T=77K 

15 I 20 

10 15 

[(pf) 

10 1 T=300K 
5 

-4 -2 0 2 4 

Figure 3: Capacitance between gate and source as a function of the applied 

voltage at 300 K and 77 K. 
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ref. 6 we expect an oxide capacitance of 2.8 pF, a minimum capacitance of 

1.0 pF and a capacitance of 2.2 pF at flat band condition. In parallel with 

this oxide capacitance is a capacitance of 4.5 pF due to oxide between the 

+ gate electrode and n contacts. This capacitance is almost voltage indepen-

dent. From resistance measurements we estimate a lateral diffusion of then+ 

diffusion of 7.5 ~· A smaller lateral diffusion gives a smaller capacitance 

between then+ region and the gate electrode and a larger oxide capacitance. 

The oxide capacitance, the minimum capacitance and the capacitance at flat 

band condition are then increased to at most 5.6 pF, 2.0 pF and 4.3 pF, res-

pectively. 

Furthermore, we measured a capacitance of 2 pF from the same holder. At 300 K 

this gives a parasitic capacitance of 6 pF for VGS > 0 V and between 3 pF and 

5 pF for VGS < - 2 V. It is possible that the oxide is thinner than given in 

table I. 

From the results in fig. 3 a flat band voltage between - 1.0 V and - 1.5 V 

results. The flat band voltage at 77 K has about the same value. 

4. Hall measurements --------------------
The Hall voltage is measured on devices with and without a gate electrode. 

From this measurement the average carrier concentration follows 

n (LWZ)-l 
z 

J dz N(z) 
0 

(8) 

Fig. 4 shows n at 300 K as a function of the gate voltage. The n of the device 

without gate electrode (also shown in fig. 4) equals the n at VG 0 V. For 

VG < - 3 V the inversion region sets in. The carrier concentration ninv in 

14 -3 this region is 7.6 x 10 em . The maximum depletion width Wm under heavy 

inversion is found to be 0.85 ~m [6]. Then, the carrier concentration nFB at 

flat band condition is given by 

(9) 
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T=300K 

Figure 4: Average carrier concentration n as a function of the gate voltage (•) 

at 300 K. The carrier concentration n measured on a device without gate 

electrode is also shown (•). 

We find ~B = 1.1 x 10
15 

cm-
3 

and VFB = - 1.0 V. 

The temperature dependence of the mobility is needed in III.2 to calculate 

the temperature dependence of the 1/f noise parameter a. Therefore. the Hall 
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voltage as a function of temperature is measured on a device without a gate 

electrode. The resulting Hall mobility is shown in fig. 5 • 

• • Figure 5: 

• Temperature dependence 

5 • of the mobility ~ as 

• determined from Hall 

• effect measurements 

IJ.(cm2/Vs) •• 
2 1 • • 

measured on a device 

without gate electrode. 

T(K) • 

III. Noise measurements 

The noise is measured as a function of the gate voltage at 300 K and 77 K. 

The experimental results in fig. 6 are expressed as n values which are defined 

by 

(10) 

where SV is the spectral density of the 1/f noise. 

At 300 K for VG > - 3 V, the noise is inversely proportional to the frequency 

-5 
and n is of the order of 10 • For VG < - 4 V, when an inversion layer at the 

surface is formed, the noise is dominated by a generation-recombination noise 
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Figure 6: The 1/f noise parameter a as a function of the gate voltage VG at 300 K 

(o) and 77 K (•). Also shown is the resistance as a function of the gate 

voltage at 300 K (o) and 77 K (•). 
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component. Only an upper limit for ~ can be determined. This is indicated in 

fig. 6 with a vertical arrow. The experimental results at 77 K show the same 

trend. These results suggest that for VG > - 3 V, noise sources in or near 

the oxide make the dominant contribution to the noise. For VG < - 4-V only 

noise sources in the bulk contribute to the noise. The 1/f noise sources in 

the bulk have an ~-value of at most 10-6 at 300 K and at most 10-7 at 77 K. 

The temperature dependence of the 1/f noise is measured between 77 K and 

300 K. The measurements are performed on a device without an Al gate. Fig. 7 

shows the temperature dependence of the ~-value. 

5 (•) ( e v-1cm-2} 11 
10 

1 
10 

a(o) 

1 
~O~'i 0 0 •• 0 0 0 • • oo • • •o o • 

• • 
.o 

• 0 

10
5 0 1010 

T{K) 

100 200 300 

Figure 7: The 1/f noise parameter ~ (o) as a function of the temperature 

measured on a device without gate electrode. Also shown is o(•) as 

a function of temperature. In the McWhorter model o equals the trap 
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IV. Discussion 

1. McWhorter model 

72 

---------------
The experiments are compared with the McWhorter model. This model predicts 

[1,2] 

(11) 

where T1 and T2 are the lower and upper limit of the T-distribution and 

<(~N) 2> is the variance in the number of trapped electrons given by [7] 

(12) 

where NS is the number of electrons at the interface NS = N5(VG), NT the 

number of traps and fT the Fermi function for the trap level. Only traps 

around the Fermi level contribute to the noise. 

* There is a voltage VG for which 

* N5(VG) = NTfT(l - fT) \13) 

Then, with eqs. (10) - (12) one finds 

(14) 

(15) 

* From the gate voltage dependence of a in fig. 6 one observes VG = - 3 V at 

300 K and a~ R is not in disagreement with the measurements for VG > - 3 V. 

* Eq. (15) predicts a strong decrease in a for VG < VG. This is indeed observed. 

Applying eq. (14) with ln(T2/T 1) = 30 gives a trap density ~(~)~lo10/cm2 eV, 

which is a reasonable value. At 77 K a decrease in a is observedforVG<- 2 V. 

However, a ~ R is in disagreement with the measurements for any range of gate 

voltages. 

Also shown in fig. 7 is o which is defined by 

o = (a/~T)L ln(T2/T1)/ekW). (16) 

-1 -2 
In the McWhorter model o equals the trap density ~(~)eV em 

Unfortunately, this can't be verified since the trap density as a function of 



temperature is not known. On the other hand, it is known that the trap density 

increases towards the band edges [6]. The Fermi level shifts towards the con-

duction band edge with decreasing temperature. Therefore, the trap density 

increases with decreasing temperature. In fig. 7 this trend is only observed 

in the temperature range from 160 K to 300 K. 

The gate voltage dependence of a can be explained in terms of mobility 

* fluctuations with two parallel layers with different a-values. For VG > VG 

* the a-value from the surface layer is observed and for VG < VG the a-value 

(upper limit) from the bulk layer. The lower mobility and the higher a-value 

in the surface layer can be explained with a less perfect crystal quality. 

For ion-implanted resistors it was also observed that a slight increase in 

the mobility strongly reduces the a-value [8]. 

The temperature dependence of the a-value is not predicted by the mobility 

fluctuations model. 

V. Conclusions 

The noise of n+-n-n+ Si samples with a large semiconductor-oxide interface 

is measured. From the gate voltage dependence of the 1/f noise parameter a it 

follows that 1/f noise sources are present near the semiconductor-oxide inter-

face and in the bulk. The bulk noise sources have an a-value at least a factor 

of 10 lower than the noise sources located near the interface. 

The temperature and gate voltage dependence of the 1/f noise parameter a 

is compared with the McWhorter model and with the mobility fluctuations model. 

The McWhorter model is not in disagreement with the temperature dependence of 

the a-value above 160 K and its gate voltage dependence at 300 K. The measurements 

are in disagreement with the McWhorter model below 160 K.Themobilityfluctuations 

model can explain the observed gate voltage dependence with two parallel layers, 

a surface layer with a lower mobility and a higher a-value than the bulk layer. 
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Neither the McWhorter model, nor the mobility fluctuations model is able to 

explain all the experimental data. 
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CHAPTER VII 

1/f NOISE IN NARROW-BASE 

Abstract 

The current versus voltage, the capacitance versus voltage and the conduc-

tance and capacitance versus frequency characteristics of a narrow-base diode 

are measured. From the current versus voltage characteristic it follows that 

the current is due to recombination in the base region and at the surface. From 

the conductance and capacitance versus frequency characteristic, the order of 

magnitude of the lifetime of holes, the surface recombination velocity and the 

effective length along which the holes diffuse before they recombine at the 

surface are estimated. 

Relations for the 1/f noise are derived on the assumption of mobility 

fluctuations. The 1/f noise of the narrow-base diode is measured. Both the 

measurements and the calculated relations show a linear current dependence 

on the part of the current fluctuations (s1 ~ I). The experimental results 

can be described with a 1/f noise parameter a in the order of 10-2• 
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I. Introduction 

1/f noise in long semiconductor pn diodes has been extensively studied in 

the past [1]. Recently, attention has been attracted to 1/f noise in narrow-base 

HgCdTe pn diodes [2]. In this contribution we concentrate on 1/f noise in narrow-

base Si diodes. 

The 1/f noise in homogeneous semiconductors can be described with the fol-

lowing empirical relation [3] 

S /V2 = o./fN v (1) 

where SV is the spectral density of the 1/f voltage noise, V the applied voltage, 

f the frequency and N the number of carriers. The 1/f noise parameter o. is usually 

-7 -3 found in the range of 10 to 10 [4]. The 1/f noise in diodes could be explained 

by assuming mobility fluctuations and by applying the empirical relation, eq. (1) 

[1]. 

We present the current-voltage, the capacitance-voltage and the conductance 

and capacitance versus frequency characteristics of the narrow-base diode. 

Assuming mobility fluctuations we derive a relation for the 1/f noise. We present 

the noise measurements and compare them with the derived relation. 

II. Model calculations 

I f. I 
~ 

t p+-Si: 

10 IJ.m 

Figure 1: 

+ The narrow-base p -n Si diode 

w n-Si 

In n~Si 
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Fig. 1 shows the narrow-base p+-n diode and Table I gives some relevant data. 

The resistivities of the substrate and of the epitaxial layer are stated by the 

manufacturer. The donor concentrations in the substrate and in the epitaxial 

layer are determined from these resistivities and the literature [5]. The dif-

fusion coefficient Dp for holes and the intrinsic concentration ni are given in 

the literature [5]. The area A of the diodes is determined for the mask dimen
n 

sions. The determination of the other data is described in the text. We obtain 

an equilibrium-hole concentration in the base p
0 

= 105 cm-3 from the data of 

Table I. + + An n-Si epitaxial layer of 10 vm is grown on an n -Si substrate. p 

contacts are made by implanting 3 x 1014/cm2 boron ions at 50 keV which is fol-

lowed by a drive-in diffusion at 1200 °C for 2 hours. From these data a junction 

depth t = 5 ~is expected [5]. The diodes have been manufactured in a modern IC 

laboratory. All experimental results have been obtained in the dark at 294 K. 

resistivity of substrate 

resistivity of epitaxial layer 

donor concentration in the substrate Nsub 

donor concentration in the epitaxial layer Nd 

base width W 

area of diode An 

diffusion coefficient D 
p 

intrinsic concentration ni 

junction depth t 

effective distance leff 

surface recombination velocity s 

Table I: diode data at 294 K 

2 X 

10-2 
0 em 

5 0 em 

5 X 1018 -3 
em 

1 X 1015 -3 em 

3 - 4 vm 

10-5< An<.l.5 -2 x 10 cm2 

11 cm2 /s 

1010 
-3 

1 X 
em 

5 ~ 

"" 13 vm 

"" 800 cm/s 
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The current-voltage characteristic of diodes is written as 

I = I t( exp (V/nVT) - 1) : I t a(V) sa sa (2) 

where !sat is the saturation current, V the voltage, VT = kT/e is the thermal 

voltage and n the ideality factor. The ideality factor is defined as 

n(I) = Rd(I)ei/kT where Rd(I) = dV/di is the dynamic resistance. Fig. 2 shows a 

typical example of a current-voltage characteristic in forward bias. The cal-

culated dynamic resistance and the ideality factor, calculated from the data 

of fig. 2, are shown in fig. 3. At low currents (I < 10-S A) the ideality factor 

n !ill 1. 

Figure 2: I-V characteristic of diode 

-4 
(An= 3 x 10 cm2 ) 

-V(V) 
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Figure 3: The dynamic resistance Rd and 

the ideality factor n (as ob-

tained from the data of fig. 2) 

versus the voltage. 

1 
1 0 



High injection effects occur when the concentration of injected holes p 

equals the donor concentration Nd in the base. From the condition pNd =ni exp(V*/VT) 

we find this to occur for voltage V* 

(3) 

where ni is the intrinsic concentration. From eq. (3) we find that V* ~ 0.6 V. 

From fig. 3 we see that the series resistance Rs ~ 2 n becomes dominant for 

v > 0.8 v. 
In this contribution we only consider narrow-base diodes, i.e. diodes with 

a base width W, shorter than the hole diffusion length L = (D t )l (W << L ) 
p p p p 

where Dp and tp are the diffusion coefficient and the lifetime of holes. The 

current In flowing in normal direction (see fig. 1) is approximately given by [6] 

v + W/t 
In = eAnpoa(V) 1 + vW/b 

p 
(4) 

where e is the electronic charge, A = ~r2 the area of the diode, r the radius n o o 

of the diode, p the equilibrium-hole concentration in the base and v the recom
o 

bination velocity of the holes at the n-n+ contact. 

The saturation current I t ; I /a(V) is approximately given by sa n 

I t = eA p (v + W/t ) sa n o. p 

for v » D /W 
p 

for ·v « D /W 
p 

(5) 

{6) 

From fig. 2 we find I = 4 x 10-7 A for V = 0.5 V. With eq. (2) and the data 

of Table I we find I t/ eA p = 260 em/ s sa no 

rent is not described by eq. (5) and v << 

and D /W = 3 x 104 cm/s. Thus the cur
p 

4 3 x 10 cm/s. If the current were des-

cribed by eq. (6) then we would have that v + W/tp = 260 cm/s and consequently 

v < 260 cm/s and t > 1 ~s. However, from fig. 4 we see that the saturation cur
p 

rent I t '1.. r 0 with ! < 6 < 1 whereas eq. (6) predicts I '1.. A = ~r2 , There-sa o sat n o 

fore the current is not dominated by the normal current I and I << I as a n n 

result. This means v << 260 cm/s and t >> 1 ~s. In the literature a lifetime of 
p 

holes is given as being in the range of 10 to 100 ~s [7]. A small v can be 
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Figure 4: 

The measured saturation current !'sat 

versus the radius r of the diode 
0 

(• : chip 1; • : chip 2; • : chip 3). 

The current Ib/a(V) calculated with 

eq. (9) and assuming ~ = 20 ~s (dashed 
p 

line) and the current I /a(V) calculated 
s 

with eq. (10) and assuming As = 1 cm2 /s 

(solid line) are also shown. 

+ realized by the built-in potential at the n-n contact Vbi = VT ln[Nsub/Nd] being 

equal to 0.22 V. With a space-charge layer width~ 0.2 pro [8] we find an electric 

field of at least 106 V/m opposing the minority carrier flow. 

Since we have shown that I << I we conclude that the current must be 
n 

dominated by a lateral current It (see fig. 1). The current It consists of a 

component Ib due to recombination in the base region and a component Is due to 

surface recombination. 

First, we calculate the lateral current component Ib assuming only recom

bination in the base region. The continuity equation is conveniently described 

in cylinder coordinates (r, a, z) 

lli-_lll _ _i_~ 
at - e ar er ~ 

p 
(7) 

where the current density j = - eD (a6p/ar) in cylinder coordinates. At steady 
p 

state we find 

With the boundary condition ap = p (exp(V/VT) - 1) = p a(V) at r = r and 
0 0 0 

6p = 0 at r ~ ~. for the solution of eq. (8) we find 

where K is the modified Bessel function of order zero [9]. 
0 
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With I = - eADP(3ap/3r), for the current Ib we find 

I 
= ~p0Dpa(V) 

b - L - K1(r /L )/K (r /L ) 
p 0 p 0 0 p 

(10) 

where we used 3K (r/L )/or = - K1Cr/L )/L with K1 the modified Bessel function 
0 p p p 

of order one [9]. All holes leaving the p+-contact in the normal direction reach 

the n-n+ contact since v << D /W. Therefore we have a cylinder with a constant 
p 

carrier concentration p
0 

exp(V/VT) with area ~ = 2~r0(t + W) from which holes 

flow in lateral direction. From ref. [9] we have K1(x)/K
0

(x) ~ 1 for x >> 1 and 

K1(x)/K
0

(x) ~ - 1/x ln(x/2) for x << 1. Therefore, we have Ib ~ r
0 

for r
0 

>> Lp 

and Ib ~ - 1/ln(r /2L ) for r << L • 
0 p 0 p 

Fig. 4 also shows Ib/a(V) versus r
0 

computed according to eq. (10), using 

the data of table I and table IV of ref. [9] for the modified Bessel functions 

assuming T = 20 ~s, i.e. L = 150 ~· A lifetime of holes T = 20 ~s p p p 

is in the range given in the literature [7]. We see that recombination in the 

base region can determine the current. 

Now, we calculate the lateral current component Is caused by recombination 

at the surface. For a high surface recombination velocity s the carriers recom

bine at the surface within a distance leff from the p+ contact (see fig. 1). Thus 

the current is given by eq. (6) after replacing the recombination velocity at the 

n-n+ contact v by the surface recombination velocity s and the width W by the 

effective distance leff' the holes diffusing before they recombine at the surface. 

+ The surface recombination takes place in a ring around the p -contact. Therefore, 

the area As= ~[(r0 + leff)2 r~] l!! 2 ~r01eff for leff « r
0

• For s>>leff/Tp we 

have 

I = 2~r 1 ffep sa(V) s o e o 
(11) 

This mechanism approximately predicts ~ r • Fig. 4 also shows I /a(V) versus 
0 s 

r
0 

calculated .from eq. (11}, the data of table I and the assumption that leffs 

1 cm2 /s and leff << r
0

• From the results of fig. 4 we are not able to decide 

whether Is or Ib dominates the current. 
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Figure 5: 

-2 The capacitance C versus the 

reverse bias VR for low reverse 

-2 bias (A = 1.5 x 10 cm2 ). 
n 

The capacitance C of the narrow

base p+-n diode is measured 

with the diode reverse biased. 

Fig. 5 shows 1/C2 versus 

reverse bias VR for low reverse 

+ bias. For a p n step junction, 

it is known that [10] 

where vbi is the built-in 

potential and E the permittivity of Si. From the data of fig. 5 and with the help 

of eq. (12) we obtain Vbi = 0.8 V and Nd = 10
15 

cm-
3

. The built-in potential Vbi 

is given by 

where N is the acceptor concentration in the p+-contact. With eq. (13) and 
a 

19 -3 
Vbi = 0.8 V an acceptor concentration Na ~ 10 em is found. 

(13) 

Fig. 6 shows the capacitance 1/C2 as a function of the reverse bias VR for 

large reverse bias. It is known that [11] 

- (eEA2 /2)d(1/C 2 )/dV 
n 

(14) 

where NA (dA) and ND(~) are the impurity concentrations at the edge of the space

charge layer at the p- and n-side, respectively. With the equation 

d == EA/C (15) 
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Figure 6: 

-2 
The capacitance C versus the 

reverse bias and versus the 

space-charge layer width for 

high reverse bias. 

we convert capacitances into 

space-charge layer widths 

In fig. 6 we observe two 

regions. For VR < - 15 V the 

space-charge layer extends 

into the n-epitaxial layer 

-1 -1 -1 
with NA (dA) + ND (dD) !!! Nd • 

For VR > - 15 V the space -

charge layer extends into the 

4 
W(!J.m) -

t 

0 0 

+ + -1 -1 -1 -1 
p -contact and into the n -substrate with ~ + NA (dA) !l! Nsub + Na • A different 

slope is observed in this region. At VR !l! - 15 V the space-charge layer extends 

to the edge of the n +-substrate. Thus we find W = sA/C(- 15 V) !l! 3. 5 fllll for the base width. 

G(f.LS) 

• • • • • • • 

1 L---~--~--~--~--····~--~--~7~10 

10 10 10 

Figure 7: 

Capacitance C (•) and con-

ductance G (o) versus the 

frequency f. The forward 

bias VF = 0.50 v. the 

amplitude of the test 

signal is 2 mV and 

A = 3 x 10-4 cm2 • 
n 
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+ The capacitance C and the conductance G of the narrow-base p -n diode are 

measured versus the frequency f. The results obtained at VF = 0.50 V between 

10kHz and 10 MHz are shown in fig. 7. The amplitude of the test signal~= 2 mV. 

Here we investigate the admittance if it is only the normal current I that 
n 

flows. Then the admittance Y = G + i2~fC is given by eq. (6.12) of ref. [6] n n n 

that is 

eA p D V/V 1 + (Dp/vLP(f))(tanh(W/L (f)) _ n o p T · P· 
yn - VTL (f) e D /vL (f) + tanh(W/L (f)) ( 16) 

p p p p 

where L (f) : L /(1 + i2~f~ )i and i =I - 1. The conductance G and the 
p P p n 

capacitance Cn calculated according to eq. (16). are shown in fig. 1.16 and 1.17 

of ref. [6], respectively. The results for the conductance are given here as 

fig. 8. For low frequencies, the conductance and the capacitance are independent 

of frequency. For high frequencies we have G ~ fi and C ~ f-~ For a low recom-. n n 

bination velocity an intermediate region is calculated in which G ~ f 0 with 

o ~ 1.5. This region sets in at a frequency off > 1/~~ and is dependent on the 
0 p 

recombination velocity v. For a high recombination velocity v >> D /W this p 

region will not appear (see fig. 8). In this case we approximate tanh(W/L (f)) 
p 

W/L (f) for low frequencies and tanh(W/L (f)) = 1 for high frequencies. For the 
p p 

Figure 8: 

Conductance versus frequency for a narrow-

base diode with W/L = 0.1 as a function 
p 

of the recombination velocity vat the n-n+ 

contact (1 : v = 0; 2 : v = 0.1 D /L ; p p 

3 : v = D /L ; 4 : v = 10 D /L ; 5 : v ~ oo), 
p p p p 

The conductance of a long diode versus 

frequency is shown by the dashed line. 
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conductance we find 

G (0) = (I + I t)/VT n n sa 
for f < £1 

(17) 

for f > f
1 

(18) 

The corner frequency f 1 is found from equating Gn(O) = Gn(f1). Thus we obtain 

f =D/frW2 
1 p 

for v » D /W 
p 

(19) 

and for the capacitance 

C (0) = (I + I t)W/VT(v + W/T ) n n sa p 
for f < f 2 (20) 

I + I 1 + D /vW 
C (f) = ( n sat) ( J ) W(4vfD )-! for f > f 2 (21) 

n VT 1 + W VTP p 

The corner frequency f 2 is found by equating Cn(O) = Cn(f2), giving 

f = v2 /4-rrD 2 p 
for v » D /W p (22) 

Now, we calculate the admittance assuming that it is only recombination 

that takes place in the base region, i.e. it is only the lateral current Ib 

that flows. This admittance can be found by replacing L by L (f) in eq. (10). 
p p 

With the boundary condition 

~ V/VT 
bp(r = r ) = p ~ e /VT 

0 0 
(23) 

for the a.c. component of the hole concentration, so that, for the ac component 

of the current we obtain 

and for the admittance we have 

From the admittance (Yb = Gb + 2vifCb) we find for the conductance Gb 

for f < f 
c 

(24) 

(25) 

(26) 
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for f > f 
c 

The corner frequency fc is found by equating Gb(O) 

f 
c 

K2
1(r /L )/TIT K0

2(r /L ) 
0 p p 0 p 

For low frequencies we have approximated K0(r /L (f))/K1(r /L (f)) = 
0 p 0 p 

K0(r /L )/K1(r /L ) and for high frequencies K0(r I L (f)/K1(r /L (f) op op o p op 

For the capacitance Cb we have 

for f < f 
c 

for f > f 
c 

(27) 

(28) 

1 [9]. 

(29) 

(30) 

For a p+-n diode with r = 100 ~. eq. (28) predicts for both the conductance 
0 

and capacitance data a corner frequency of f = 41 kHz assuming T 
c p 

20 jJS. 

Since the observed corner frequency f* = 200 kHz it follows that the current is c 

not dominated by the lateral current component Ib caused by recombination in the 

base region. 

The lateral current component Is obtained by recombination at the surface 

is described by using the analogy with the narrow-base diode. The recombination 

velocity at the n-n+ contact v must be replaced by the surface recombination 

velocity s and the width W by the effective distance leff" We use this analogy 

again for the admittance. The conductance and the capacitance are described with 

the eqs. (17) - (24) after replacing v by s, W by leff and taking Tp ~ oo. 

Eq. (17) - (19) predict that the conductance Gs is independent of the frequency 

for f < f 1 = 21 MHz assuming an effective distance leff = 13 ~· Since the 

observed corner frequency f* = 200 kHz it follows that the current is not domin-
c 

ated by the lateral current component Is due to recombination at the surface. 

Therefore the lateral current components Ib and Is both contribute significantly 

to the current. 

Since eqs. (4) - (11) for the current and eqs. (16) - (30) for the admit-

tance have been derived on the assumption that one recombination mechanism is 
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dominant, great care should be taken in using these equations. Assuming that we 

can use eqs. (17) and (26) the measured conductance G(O) at low frequencies 

(f < 200 kHz) is given by G(O) = Gs(O) + Gb(O). The measured conductance G(f) 

at high frequencies (f > 200 kHz) is dominated by the conductance Gb(f) given 

by eq. (27) i.e. G(f) = Gb(f). At the observed corner frequency f~ = 200 kHz we 

have G(O) = G(f~). With eqs. (17) and (26) - (28) it follows that (Ib + Is)/Ib = 
! 

(f~/fc) 2 • We find Ib = 0.5 I assuming ~p = 20 ~s. 

We estimate s and leff from the observed capacitance C(O) at low frequencies 

assuming that Is = I and Ib = 0 i.e. that surface recombination is the dominant 

recombination mechanism. Before we compare the capacitance with eq. (20) we must 

subtract the capacitance from the space-charge layer. This capacitance is es-

timated by using eq. (11) for forward bias. We obtain C sc 5 pF and consequently 

Cs(O) = 27 pF with the results of fig. 7. We see that leffs 1 cm2 /s from the 

-6 
results of fig. 4. We find 1 ff/s = C (0)/G (0) = 2 x 10 s with eqs. (17) and e s s 

(20). Thus, we obtain leff = 13 ~and s = 800 cm/s. 

Now we estimate the lifetime of holes ~p assuming that Ib = I and Is = 0 

i.e. that it is only the lateral current component due to recombination in the 

base region that flows. We find ~p = 2 Cb(O)/Gb(O) = 3 ~s with eqs. (26) and 

(29). 

III. 1/f noise in narrow-base diodes 

In the past, noise sources have been assumed in various parts of the diode 

[1,12]. In contradiction to experiment (SI ~I) [1] fluctuations in the surface 

recombination velocity predict a current dependence of the short-circuit current 

fluctuations SI ~ I 2 • Kleinpenning's model based on the empirical relation eq. 

(1) explained the observed current dependence [1]. Noise sources in the base 

region and in the space-charge layer have been considered in this model. The 

calculations use the cross-correlation spectral density in the mobility [1,3] 

87 



S (z,z',f) = (~~2/fAp(z))o(z-z') 
~ 

where~ is the mobility and o(z-z') is the Dirac delta function. 

(31) 

We compute the short-circuit current fluctuations in the currents In and 

If with the diode in forward bias assuming mobility fluctuations only. 

1. 1/f noise in I 
n ------------------

We compute the short-circuit current fluctuations in the normal current In. 

Using I(z) = - eAD dAp and eq. (10) of ref. [13] for the excess hole concen
p dz 

tration we find 

eA p D a(V) 
I (z) = n o p 
n L 

p 

cos~4 + (D/vLP) sinh~ 
sinh(W/L ) + (D /vL )cosh(W/L ) p p p p 

for the hole current at spot z. 

For W/~ << v << D /W we approximate eq. (32} to p p 

I = (eA p a(V)/W)/(1 + D /v 
n no p 

(32) 

(33) 

Mobility fluctuations give diffusion coefficient fluctuations via the Einstein 

equation D/~ = VT. Then, for the current fluctuations we find 

(34) 

where <> means the time average. Using eqs. (33), (34) and the cross-correlation 

spectral density in the diffusivity 

s0 (x,x',f) = (~2/fAp(x))o(x-x') 

we find 

a ( I/W )
2 

W 8r = fA 1 + D /vW J dz/p(z) 
p 0 

Using eq. (36) and p(z) s p(O) = I/eA v we find ~pproximate~y 
n 
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For v << W/T we approximate eq. (32) to 
p 

(35) 

(36) 

(37) 



I (z) 
n 

{W-z~ 
eA D a(V) sin ~J 

np Po~ 
L W p cos 1 

p 

Using the eqs. (34), (38) for the current fluctuations we obtain 

1 W { 1 ( W-z) -l(W-z) W (W)} oi = w I dzi(z) 2D - 2D L tanh ~ + 2D L tanh L oD (z) 
0 p pp p pp p p 

For W/L << 1 it is found that 
p 

2 w w 
s1 = (2DWL2 ) I dz I dz' I(z)I(z')SD(z,z',f) 

p p 0 0 

(38) 

(39) 

(40) 

Using the cross-correlation spectral density in the diffusivity, eq. (35) and 

by approximating 

I (z) .~ eA p a(v)(W-z)/1: 
n no p 

we find 

sr 
n 

= (ael /12fT )(W/L ) 4 
n p p 

2. 1/f noise in I~ 
------------------

(41) 

(42) 

For the fluctuations in the lateral current component Is• we again use the 

narrow-base diode analogy. The short-circuit current fluctuations are given by 

eq. (39) after replacing v by s and W by leff' assuming that recombination takes 

place only at the surface, so that we have 

(43) 

Now weroughlyestimate the magnitude of the short-circuit current fluctuations 

assuming that recombination only takes place in the base region. The noise con-

tribution will not differ very much from that of a diffusion dominated diode 

with a planar current flow. In the latter case we find [14] 

(44) 

We assume that eq. (44) gives a rough estimate for the noise contribution from 
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lb. It follows from eqs. (43) and (44), that the current fluctuations in Ib are 

larger than the current fluctuations in I by a factor of 
s 

(Ib/I )(D2 /l ffs3 )/4~ s p e p 

This factor equals 15 assuming that Ib = 0.5 I, leff = 13 ~. s = 800 cm/s and 

T = 3 ~s. We conclude that the fluctuations in the currents I and Ib can both 
p s 

contribute significantly to the current. 

1~3'~-------.-,----...--1-----.,-----, 

-1~~--
10 • 

-fl. 
10 

-18 
10 

2 
Sv(V/Hz) 

r 

• 

- f(Hz) 
~9L_ __ ~,~---~~--~~~--~ 

10
1 10

1 
10

2 
10

3 
10

4 

Figure 9: Four spectra measured at different currents. The contribution from the 

amplifier is subtracted. The solid line shows the 1/f noise level and the dashed 

line the 2el shot-noise level (V: I = 0.55 ~; • I = 3.2 ~; • : I = 30 ~A; • : 

I = 0.34 mA; • : noise contribution from the short-circuited amplifier). 
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IV. Experimental results and discussion 

The ac open-circuit voltage-noise spectral density SV of the narrow-base 

diode in forward bias is measured. The current noise spectrum SI can be computed 

from SV with the dynamic resistance Rd of the diode in the range where Rd>> Rs 

where the series resistance R is about 2 n. Fig. 9 shows four spectra. The s 

spectrum is dominated by shot noise for frequencies f > 100 Hz. The observed 

level of the shot noise equals 2ei. For f < 100 Hz the spectrum behaves like f-y 

withy ~ 1. Fig. 10 shows fSI/I versus I for the 1/f noise component. 

For I < 10-5 A we have the low-injection region. In this region it is observed 

-17 that fSI/I ~ 3 x 10 A. 

Fig. 10 also shows the equivalent 1/fnoise fromth~ amplifier. This noise con

tribution is obtained from the 1/f noise component S~, measured with the amplifier 

short-circuited, by computing f(S~/Rd)/1 = fiS~/Vi· For I > 10-5 we have the high

injection region. In fig. 10 it is seen that the noise contribution from the 

amplifier dominates the noise in this region. 

-15 
10 

fS/I (A) 

r 
• / 

rl / 

tJ / 
/ 

A • / • ' • ' .: / • • • / • •• • / 

• / 

/ 

• / 

- I(A) 
J 

_7 -3 
10 10 

Figure 10: fSI/I versus I (• -4 
cm2

; • 
-5 

cm2
; "" : A = A = 3 X 10 : A = 8 X 10 

2 x 10-5 cm2 ). The contribution from the amplifier is subtracted. The dashed line 

shows the equivalent 1/f noise contribution of the amplifier (see text). 
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The diode used in this study shows an ideality factor n ~ 1 for currents 

-11 -5 10 < I < 10 A (see the figs. 2 and 3). From the model analysis, the flue-

tuations in both the currents Ib and Is contribute to the noise. Here we estimate 

the 1/f noise parameter a assuming that the current I and the fluctuations in 
s 

the current I dominate the current and the current fluctuations, respectively. 
s 

-2 
With eq. (43) and assuming s = 800 cm/s and leff = 13 ~ we obtain a = 4 x 10 • 

We also estimate the a-value by assuming that the current Ib and the current 

fluctuations in Ib dominate the current and the current fluctuations, respec

tively. With eq. (44) and using~ = 3 ~s we obtain a~ 2 x 10-3• Thus, a 1/f 
p 

-2 noise parameter a of the order of 10 is found. 

V. Conclusions 

The current in the narrow-base diodes is dominated by a lateral current 

component I~. The current component I~ is due to recombination in the base and 

at the surface. The order of magnitude of the surface recombination velocity, 

the length to which holes diffuse before they recombine at the surface and their 

lifetime are estimated from the admittance data. 

Relations for the 1/f noise have been derived by taking into accountmobility 

fluctuations in the base region alone. The fluctuations in both the currents 

arising from recombination at the surface and recombination in the base region 

contribute to the 1/f noise. A 1/f noise parameter a of the order of 10-2 is 

found. 
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CHAPTER VIII 

1/f NOISE 

AND 

NUMBER FLUCTUATIONS 

Abstract 

In a semiconductor the density of carriers in each subband fluctuates 

owing to intraband transitions. We consider the spectral density for number 

fluctuations and for conductance fluctuations arising from such intraband 

transitions. It is shown that the spectral density for number fluctuations 

equals zero. If the mobility is the same in all subbands, the spectral den

sity for conductance fluctuations equals zero. Otherwise the conductance 

fluctuations show a non-1/f spectrum. 
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In the past, several models have been proposed in which 
11 f noise in semiconductors is caused by number fluctu
ations. These models are based on the well-known fact that 
Lorentzian spectra with an appropriate distribution of char
acteristic times r give a 11 f spectrum. If the spectrum is 
given by 

s-J drD(r)r/[1 + ((t)rn 

and the distribution function by 

D(r)-1/r for r 1<;r<;;r2, 

then 

S-1/(t) for r2-
1<(t)<r,-'. 

Recently Suh presented a model for 1/ f noise based on these 
ideas. 1 In this model the conduction band is divided into 
subbands. Now electrons will jump between different sub
bands (intraband transitions). According to Suh, these in
traband transitions result in fluctuations in the number of 
carriers in each subband with a Lorentzian-shaped spectral 
density. After summation over all subbands he obtained, un
der special conditions, a 1/ /spectrum. 

For intraband transitions, the characteristic times are of 
the order of picoseconds, so these transitions will cause 
white noise up to the THz range. According to his calcula
tions, Sub predicts a 1/ /spectrum between 107 and 1015 Hz. 
However, 1/ /spectra are observed at frequencies of 10-6 

Hz and higher in experiments.2 It is improbable that intra
band transitions cause these low-frequency fluctuations. 

In this communication, we shall show that the spectral 
density for number fluctuations equals zero. Furthermore, 
we shall show that the spectral density for conductance fluc
tuations is nonzero if the mobility is not the same in every 
subband. This spectral density is not 1/ fat low frequencies. 

Let us consider an n-type homogeneous semiconductor 
sample provided with Ohmic contacts. The sample has a 
planar geometry with contact spacing L and cross section A. 

The spectral density for number fluctuationsSN is given 
by 

SN(/) =41"' du cos(2'1T/u)(liN(t)liN(t+ u)}, (1) 

where f is the frequency, j = v'- I, andliN(t) is the devi
ation from the equilibrium number of electrons in the con-
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duction band. Dividing the conduction band into k subbands 
gives 

k 

N(t) = L N,(t), (2) 
i=l 

where N(t) and N 1 (I) are the numbers of electrons in the 
conduction band and in the ith subband, respectively. From 
Eq. ( 2) it follows that 

k 

liN(t) = _LliN1(t), (3) 
i=l 

where liN1 (t) is the deviation from the equilibrium number 
of electrons in the ith subband. Then, with Eq. (3), one has 
for the correlation function 

k 

(fJN(t)liN(t + u)) L (liN, (t)fJN1 (t + u)) 
i=l 

k 

+ L (fJN,(t)liN1(t+u)}. (4) 
1 .. } 

Sub 1 shows that the cross-correlation terms 
(liN, (t)8~(t + u)} (i#j) are smaller by a factorofk than 
the autocorrelation terms (liN1 ( t )liN, ( t + u)}. Therefore, 
he applies the assumption that there is no correlation 
betweenliN1(t) andli~ (t), i.e., (liN1(t) liN1(t + u)) = Oif 
i#j. Sub thus finds for the correlation function 

k 

(8N(t)liN(t+u)} L (fJN,(t}8N1(t+u)) 
i-l 

k 

""L ((liNY}exp(-uh,). (5) 
i=l 

Here we make the approximation that an excess of electrons 
in a subband i decays exponentially with a relaxation time r 1 • 

FromEqs. (1) and (5) it follows that 

SN= ± r,((liNY) . (6) 
I= I l + (2'11'/T; 

It follows from Eqs. (5) and (6) thatSN ¥0. 
Let us now consider a semiconductor in which only in

traband transitions occur. (We neglect interband transi
tions.) Then, assuming space-charge neutrality, the number 
of electrons in the conduction band is a constant, i.e., 
liN(t) 0 and consequently (8N(t)liN(t + u)} = 0. Then, 
from Eq. ( 1 ) , S N (f) = 0. Equation ( 6) is incorrect. This 
results from the neglect of the cross-correlation terms in Eqs. 
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( 5) and ( 6). The cross-correlation terms are smaller by a 
factor of k than the autocorrelation terms, but their number 
is a factor of k larger than the number of autocorrelation 
terms. 

In a real semiconductor, not only do intraband transi
tions occur, but also transitions between traps or donors and 
the conduction band (interband transitions). These transi
tions give rise to fluctuations in the number of electrons in 
the conduction band with a Lorentz-shaped spectral density. 

Let ns again consider a semiconductor sample without 
interband transitions. Then, 

k 

8N(t) = L 8N,(t} =0 and SN(/) 0. (7) 
i=l 

We are also interested in the spectral density for conduc
tance fluctuations, which is defined by 

Sa<f}=4i~ ducos(211'/u)(8G(t)l>G(t+u)), (8) 

where l>G(t) is the deviation from the equilibrium conduc
tance. The conductance is given by 

e k 
G(t) =-2 L p.,N,(t), (9) 

L '=' 
where e is the elementary charge andp., is the (time-indepen
dent) mobility ofthe ith subband. From Eq. (9) it is found 
that 

e k 
l>G(t) = -2 L f.l;l>N, (t). (10) 

L '=' 
From Eq. (10) it is seen that 5G(t) ;;60 if p., #p.j(i#j) 

although UN, (t) = 0. From the Eqs. (7) and ( 10) it fol
lows that 

e k 
l>G(t) = - 2 L ( f.l1 - f.lav )l>N, (t), 

L i=t 

where f.lav is given by 
k 

f.l •• = L #j~/N. 
j=l 

(11) 

(12) 

Here, ~ is the equilibrium number of electrons in the jth 
subband. Then, from Eq. ( 11) it follows that 

e2 k 

(5G(t)oG(t + u> > = - 4 L ( p., - f.l •• l 
L iJ=I 

X ( #j- f.lav) (oN, (t)aNj (t + u)). 
(13) 

We shall show that Eq. ( 13) can be rewritten as an expres
sion that only contains autocorrelation terms. Therefore, we 
consider the co!Telation function at time u = 0 and perform 
the following thought experiment: We take oNr electrons 
out of subband i and distribute them over all subbands ac
cording to the Fermi-Dirac distribution,3 

oNJ=(fiij!N-ov>oNr, 04> 
where oiJ is the Kronecker delta symbol. 

With Eq. (14) we find 
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With Eq. ( 12) we see that the first two terms equal zero and 
we find 

<<oG> 2>, ce2tL 4 Hp., -p. .. >2<<oNrn. 07> 
If we take electrons out of every subband, we must sum over 
i, 

2 k 

((oG)2
) ; 4 ,.?, (p., -P..vl 2((l>Nrl2

). (18) 

Now we assume that if electrons leave subbands, owing 
to intraband transitions, the conductance fluctuations are 
given by Eq. ( 18) with oN r replaced by oN,. For the time 
u = 0 we have shown 

ez £4 ~(f.l1 ltavHP.j -p. •• )(ON1(t)oNj(t+ u)) =0. 

Now we assume this expression to be valid at all times u. 
Then the correlation function is given by 

(oG(t)oG(t+ u)) 

e2 k 

-
4 

L (p.,-f.lavl2 (oN,(t)l>N,(t+u)). (19) 
L •=t 

From Eq. ( 19) it is easy to see that (oG(t)5G(t + u) ;;60, 
and from Eq. (8) S0 ;;60 for p.1 ;;6p.j (i#j). 

The spectral density Sa can be evaluated if one has 
an expression for the autocorrelation functions (5N, (t) 
xoN1(t + u)). Let us apply Eq. (5) to obtain Sa· With 
Eqs. (S), (8), and (l9) one finds 

k 471 ((.5N,) 2
) e2 2 

Sa=LI (2rf..)2-£4(p.,-f.lav>· 
i-1 + 11'7, . 

(20) 

Equation (20) can be rewritten as 

1 k 4rN 
S6 /iJ2=-2 L ' ' 

N ,_,!+ 
where G is the equilibrium conductance given by 
G ep..vN /L 2. Furthermore, the relation ((oN, )2

) = N, 
is used. 

The summation in Eq. (21) can be converted into an 
integral and one finds (with the conduction-band edge 
E< 0) · 

S /G 2 =-·- (oo dEN(E) 4[2ET(E)!3kT]f(E) 
G N 2 Jo l + {211'/[2E7(E)/3kTJF 

x{l- [2Ep.(E)!3kT liP..vF, (22) 

where 

R. H, M. Clevers 



j(E) exp((EF-E)/kTJ 

is the Maxwell-Boltzmann distribution function ( nonde
generate statistics are assumed) and 

N(E)dE = _2_ Nc (..!!....) 
112 

d (..!!....) 
,fiT kT kT 

is the number of states in the energy interval dE (Nc is the 
number of states in the conduction band). Furthermore, 
since the conductance in the energy interval dE is given by3 

G(E)dE= (2e/L 2 )J.t(E)j(E)N(E)EdE!3kT, (23) 

#1 and r,( = m*tt,le) must be replaced by 2Ett(E)/3kT 
and 2Er(E)/3kT, respectively. Here we assume that there
l~ation ti~e equals the collision time. For lattice and impu
nty scattenng the following functional dependencies for 
r(E) andtt(E) are assumed4

: 

r(E)/r0 = J.t(E)/ J.to = (E !kT)'. (24) 

Equation { 12) can be rewritten as an integral: 

#av 1"" dE N(E) [2Ett(E)/3kT]f(E)/ 

l"" dEN(E)j(E). (25) 

With the Eqs. (24) and (25) one finds 

ftavf J.to = Tavfro r(~ + S)/r(l) sy,- l, (26) 

where r<nl = (n- ll! and rep= v'JT. 
Sub 1 has evaluated Eq. ( 6) numerically with s as param

eter. He finds a 1/ f spectrum over 10 decades for s;;. 15. This 
value for sis very high in comparison with the often quoted 
values of s = ! for lattice scattering and s = + ~for impu
rity scattering. For these low s values the spectrum is not 
11 f Therefore, we take a closer look at the value of s predict-

. ed by the theory4 and compare the resulting temperature 
dependence of the mobility with experimental data for Si5

•
6 

in Table I. From these data there is no reason to believe that s 
takes a value outside the range between - ! and + ~ for Si. 

Equation (22) may be rewritten using the Eqs. (24), 
(26), the dimensionless variablex = E /kT,and the relation 
N Nc exp(EF/kT): 

S6 li!J:2 

(27) 

Note that (I -i r,x' + 1
) = 0 and, oonsequently S6 = 0 for 

s - 1, i.e., when the mobility is independent of the ener
gy, intraband transitions do not give conductance fluctu
ations. 

TABLE I. Temperature and energy dependence of r(E), r,., andp ••. The 
experimentally observed temperature dependence of the electron mobility 
in Si is given in the last row. 

Lattice scattering Impurity scattering 

experiment - r- 2
·
3 

Due to the exponential e ~ x in Eq. ( 27}, largex does not 
contribute to the integral. Then, if one restricts oneself to low 
frequencies(/< 107 Hz} one has (21Tfr0 x'+ 1) <I because 
roisverylow (r0 -10- 12 s). ThenEq. (27) gives 

SaRP (16rof3N,fiT)[r(s+;) -jrsr<2s+P 
Hrsr<Js+~>]. (28J 

For low frequencies (/<107 Hz) this noise is white and 
approximately (for s 'f. 1 and s is low) 

NS6 /G 2 ""' 10- 10
• 

The II f noise can be described with the empirical relation 7 

NSal<P a/ J, 

where a is a dimensionless parameter. Experiments give a 
values in the range from 10-7 to to- 3

• At frequencies 
f <a X 1010 Hz the 1/ f noise exceeds the intraband noise. 

We have shown that intraband transitions do not cause 
1/ f noise. Sub derived a II f noise spectrum by making an 
incorrect assumption. Sub assumes the cross-correlation 
terms (6N1 (t)o~(t+u)) to be 0 (i'f.j). Therefore, he 
finds SN(/) 'f.O instead of SN (j) 0. Furthermore, Sub 
needs an s > 15. For normal semiconductors one has 

! < s < 2. Intraband transitions give conductance fluctu
ations only if the mobility is not a constant over the conduc
tion band ( J.t1 'f.p.1 for i 'f.j). It is shown that these fluctu
ations do not give 1/ /noise but white noise at frequencies 
lower than 107 Hz. 

'C. H. Sub, J. Appl. Phys. 57, 318 {1985). 
2M. A. Caloyannides, J. Appl. Phys. 45, 307 {1974). 
'T G. M. Kleinpenning, Physica 77,78 (1974). 
4R. A. Smith, Wave Mechanics of Crystalline Solids, 2nd ed. (Chapman and 
Hall, London, 1969). 

'N.D. Arora, J. R. Hauser, and D. J. Roulston, IEEE Trans. Electron De· 
vices ED·29, 292 ( 1982). 

"T. G. M. Kleinpenning, Physica 103B, 345 ( 1981 ). 
'F. N. Hooge, T. G. M. Kleinpenning, and L. K. J. Vandamme, Rep. Prog. 
Phys.44,479 (1981). 
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CHAPTER IX 

SUMMARY 

The main conclusion of this thesis is that 

perfectness of the material, and not small 

dimensions, give rise to low a-values 



It is well known that 1/f noise in homogeneous semiconductors can be 

described with the empirical relation 

S /R2 = cr./fN R 
(1) 

where SR is the spectral density of the resistance fluctuations, R the resistance, 

f the frequency and N the number of carriers. In experiments on homogeneous 

-8 semiconductors the 1/f noise parameter a is found to have a value between 10 

-3 
and 10 • 

This wide range of cr.-values raised doubt about the validity of eq. (1). 

Therefore the 1/N dependence has been verified for homogeneous p- and n-Si samples 

in chapters III and IV. The 1/f noise parameter a was found of the order of 10-6 

and independent of the number of carriers for N between 104 and 1010 . Thus the 

validity of eq. (1) is shown. Nevertheless in eq. (1), a is not a constant but a 

-8 -3 parameter between 10 and 10 . This wide range of cr.-values is not yet under-

stood. 

The experimentally found 1/N dependence can be explained by assuming noise 

sources homogeneously distributed through the sample. The McWhorter model explains 

1/f noise in semiconductors with traps in a thin oxide layer on the semiconductor. 

Resistance fluctuations are caused by electrons tunneling to and from the oxide 

traps. The McWhorter model predicts noise sources located in the oxide whereas 

eq. (1) predicts noise sources homogeneously distributed through the semiconduc-

tor. Therefore, the McWhorter model is in contradiction with the 1/N dependence 

found in chapters III and IV. 

In some cases it is difficult to determine the location of the noise sources. 

The samples with a large area covered with oxide used in chapter VI, show noise 

sources located near the semiconductor-oxide interface. There are two possibil-

ities for explaining these experimental findings: i) the noise sources are of the 

McWhorter-type and are thus located in the oxide, ii) the noise sources are located 
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in the semiconductor near the interface. In the latter case, the noise sources 

near the interface show an a-value of 10-5 at 300 K whereas for noise sources in 

the undisturbed bulk an a-value of at most 10-6 is found. This possibility can 

be made more plausible by noting that the mobility is found to be lower near the 

interface than in the bulk. It is known that samples with a higher mobility show 

a lower a-value. A higher mobility can be explained by a better crystal quality. 

The crystal quality is expected to be better in the bulk than near the interface. 

Thus, these experiments suggest that a low a-value originates from high quality 

crystals. 

All our experiments can be explained by assuming noise sources distributed 

homogeneously through the whole semiconductor. Some experiments can also be 

explained by assuming noise sources in the oxide. 

The wide range of a-values observed in this thesis and in the literature 

(10-S < a < 10-3) is not yet understood, although several explanations have been 

put forward. 

- In Ge, a-values were measured that could be described by 

(2) 

where p is the mobility, ~t the mobility due to lattice scattering and n
1 

a 

-3 constant of the order of 10 • Eq. (2) can be explained by assuming that only 

the contribution by lattice scattering to the mobility fluctuates. In chapteriV, 

a-values are reported which are not described by eq. (2) with a constant at. 

- It was already suggested in the literature that the 1/f noise parameter a 

depends on the defect concentration. In chapter V further experimental evidence 

is put forward confirming this suggestion. In ion-implanted resistors we found 

the highest mobility after an anneal treatment at 750 °C. After this anneal 

treatment the lowest a-value was found. Samples with a higher mobility show a 

lower a-value. A higher mobility can be explained by a better recovering from 

lattice damage due to ion implantation by an anneal treatment. Thus it is 
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suggested that a lower defect density gives a lower a-value. 

It is interesting to compare the temperature dependence of 1/f noise showing 

a high a-value (a~ 10-3) at 300 K with 1/f noise showing a low a-value (n ~ 10-5) 

at 300 K. In the literature a-values have been reported of the order of 10-3 at 

300 K and decreasing with decreasing temperature. The temperature dependence of 

the a-value could be described by assuming a thermally activated process. In 

-5 -6 chapters III and IV a-values are reported between 10 and 10 at 300 K showing 

a weaker temperature dependence than found in the literature. The temperature 

dependence of these lower a-values do not suggest a thermally activated process. 

These two different trends are perhaps due to differences in the manufacturing 

process and crystal quality. 

Eq. (1) can be explained by assuming homogeneously distributed noise sources 

showing spatially uncorrelated fluctuations. Furthermore, experiments have shown 

that it is the mobility ~ that fluctuates and not the number of carriers. These 

properties were summarized into one equation: the cross-correlation spectral 

density in the mobility ~ given by 

s (x,x',f) = (a~2 /fAn(x))o(x-x') 
~ 

(3} 

where A is the area, n(x) the carrier density at x and o the Dirac delta function. 

Eq. (3) was already used in the literature to analyse 1/f noise in pn-diodes. The 

measured linear current dependence of the spectral density of the current flue-

tuations (SI ~ I) can be explained by eq. (3). 

In chapter VII we use eq. (3) to analyse 1/f noise in narrow-base pn-diodes, 

i.e. we apply eq. (1) to an inhomogeneously doped sample. It was shown that the 

current was due to recombination in the base region and at the surface. The flue-

tuations in the current were calculated using eq. (3). Both the calculations and 

the experiments give a linear dependence of the spectral density of the current 

fluctuations on the current (S1 ~ I). The experimental results can be described 

-2 with a 1/f noise parameter n of the order of 10 • 
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Several theories have been proposed for the explanationof 1/fnoise,although 

none of them can describe all experimental facts. The McWhorter model is one of 

them. It can describe the experimental findings at 300 K in the samples with a 

large semiconductor-oxide interface used in chapter VI. The model is, however, in 

contradiction with the experimental findings in chapters III and IV. 

Handel proposed his quantum 1/f noise theory in 1975. Since then, several 

authors have objected against the theory. In chapter IV some experimental results 

obtained for semiconductors are discussed with regard to the quantum 1/f noise 

theory. It is concluded here that there is not enough experimental evidence to 

confirm the quantum 1/f noise theory for semiconductors. 

Suh proposed a model in which 1/f noise is caused by intraband transitions. 

These calculations were based on incorrect assumptions. In chapter VIII it is 

shown that intraband transitions do not cause fluctuations in the number of free 

carriers. This mechanism causes resistance fluctuations, that according to us 

have a spectral density independent of frequency below 107 Hz. 

Although there is no theoretical justification for eq. (1), it describes 

1/f noise in semiconductors. a-values much lower than 10- 3 have been found in 

samples made by modern IC technology. The main conclusion of this thesis is that 

perfectness of the material, and not small dimensions of the samples, give rise 

to low a-values. 
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SAMENVATTING 

Het is tegenwoordig gebruikelijk 1/f ruis in homogene balfgeleiders te be-

scbrijven met Hooge's empiriscbe relatie 

S /R2 = ~/fN R 
(1) 

met SR de spectrale dichtheid van de weerstandsfluctuaties, R de weerstand, f de 

frequentie en N bet aantal vrije ladingsdragers. Experimenteel worden a waardes 

-8 -3 
tussen 10 en 10 gevonden. 

Twijfel rees over de juistheid van vergelijking (1) door de grote spreiding 

in gevonden ~ waardes. Daarom werd in de hoofdstukken III en IV de 1/N afhanke-

lijkbeid experimenteel bevestigd voor p- en n-Si. De gemeten 1/f ruis parameter 

a was van de orde van 10-6 onafhankelijk van bet aantal vrije ladingsdragers met 

N tussen 104 en 1010 • Zodoende is de juistheid van vergelijking (1) aangetoond. 

Men moet daarbij beseffen dat a niet een constante maar een parameter is. Het is 

nog steeds niet geheel duidelijk van welke grootheden deze parameter afhangt. 

De experimenteel gevonden 1/N afhankelijkbeid kan worden verklaard door aan 

te nemen dat de ruisbronnen homogeen verdeeld zijn over het sample. De McWhorter 

theorie verklaart de 1/f ruis in halfgeleiders met traps in de dunne oxide laag 

op de halfgeleider. Weerstandsfluctuaties worden veroorzaakt door electronen die 

heen en weer tunnelen tussen traps in het oxide en de halfgeleider. Het McWhorter 

model voorspelt ruisbronnen in het oxide terwijl vergelijking (1). ruisbronnen 

homogeen verdeeld over de halfgeleider voorspelt. Daarom is het McWhorter model 

in tegenspraak met de 1/N afhankelijkheid gevonden in de hoofdstukken III en IV. 

Voor sommige samples is het moeilijk de preciese plaats van de ruisbronnen 

te bepalen. In Hoofdstuk VI staan experimenten met samples voorzien van een groot 

halfgeleider-oxide interface beschreven. Uit deze experimenten blijkt dat de ruis-

bronnen zich vlakbij het interface bevinden. Er zijn twee mogelijkheden: 

i) de ruisbronnen zijn van het McWhorter type en bevinden zich dus in bet oxide. 

ii) de ruisbronnen bevinden zich in de halfgeleider vlakbij het interface. 
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In bet tweede geval is voor de ruisbronnen vlakbij bet interface een a waarde 

van 10-5 bij 300 K gevonden terwijl voor de ruisbronnen in de niet-verstoorde 

bulk een a waarde van ten boogste 10-6 is gevonden. Deze mogelijkheid wordt 

plausibeler als men bedenkt dat de mobiliteit vlakbij bet interface lager is dan 

in de bulk. Het is bekend dat samples met een hogere mobiliteit een lagere a 

waarde vertonen. Men verwacht een betere kristalkwaliteit in de bulk dan vlakbij 

het interface. Daarom suggereren deze experimenten dat lage a waardes gevonden 

worden in goede kristallen. 

Onze experimenten kunnen alle verklaard worden met ruisbronnen homogeen 

verdeeld over het sample. Enkele experimenten kunnen ook verklaard worden met 

ruisbronnen in bet oxide. 

De grote spreiding in a waardes is nog niet begrepen, alhoewel enkele ver-

klaringen zijn geopperd. 

- In Ge zijn a waardes gevonden die beschreven konden worden met 

(2) 

met ~ de mobiliteit, ~t de mobiliteit ten gevolge van roosterverstrooiing en 

at een constante van de orde van 10-3• 

Vergelijking (2} kan worden verklaard door aan te nemen dat alleen de bijdrage 

van roosterverstrooiing aan de mobiliteit fluctueert. De in hoofdstuk IV gevon-

den a waardes in Si kunnen niet beschreven worden met vergelijking (2} en een 

constante at. 

In de literatuur is reeds een verband geopperd tussen de a waarde en de con-

centratie defecten. De experimenten beschreven in hoofdstuk V bevestigen dit 

verband. In ionen geimplanteerde weerstanden werd de hoogste mobiliteit gevon-

den na een anneal behandeling bij 750 °C. Na deze anneal behandeling werd ook 

de laagste a waarde gemeten. Samples met een hogere mobiliteit vertonen een 

lagere a waarde. Een hogere mobiliteit kan worden verklaard met een beter her-

stel van de door de implantatie veroorzaakte roosterbeschadigingen door de 

anneal bebandeling. Zodoende suggereren deze experimentele resultaten dat een 
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lagere defect concentratie een lagere a waarde geeft. 

Het is interessant 1/f ruis met een hoge a waarde (a ~ 10-3) bij 300 K te 

vergelijken met 1/f ruis met een lage a waarde (a < 10-5) bij 300 K. In de lite

ratuur zijn a waardes gerapporteerd in de orde van 10-3 bij 300 K die kleiner 

worden bij dalende temperatuur. Dit temperatuur gedrag kan worden beschreven als 
. -5 

een geactiveerd proces. In hoofdstuk 4 worden a waardes genoemd tussen 10 en 

10-6 bij 300 K zwakker afhankelijk van de temperatuur dan gevonden in de litera-

tuur. De temperatuur afhankelijkheid van deze lagere a waardes wijst niet op een 

geactiveerd proces. Deze verschillen zijn misschien te wijten aan verschillen in 

produktiemethoden en kristalkwaliteit. 

Vergelijking (1) kan worden verklaard door homogene ruisbronnen aan te nemen 

die ongecorreleerd fluctueren. Experimenten hebben aangetoond dat de mobiliteit 

~ en niet het aantal ladingsdragers fluctueert. Deze eigenschappen kunnen worden 

beschreven in een vergelijking: de kruiscorrelatie spectrale dichtheid in de 

mobiliteit p gegeven door 

S (x,x',f) = (ap 2 /fAn(x))o(x-x') 
~ 

(3) 

met A het oppervlak, n(x) de ladingsdragers concentratie in x en o de Dirac delta 

functie. Vergelijking (3) is al in de literatuur gebruikt om de 1/f ruis in pn-

diodes te analyseren. De gemeten lineaire stroomafhankelijkheid van de spectrale 

dichtheid van de stroomfluctuaties (SI ~ I) kan worden verklaard met vergelijking 

(3). 

In hoofdstuk VII wordt vergelijking (3) gebruikt om de 1/f ruis in pn-diodes 

met een korte basis te analyseren, d.w.z. vergelijking (1) wordt toegepast op een 

inhomogeen gedoteerd sample. De stroom blijkt te worden veroorzaakt door recombi-

natie in de basis en aan het oppervlak. De fluctuaties in de stroom worden bere-

kend met vergelijking (3). Zowel de berekeningen als de experimenten laten een 

lineaire stroomafhankelijkheid van de spectrale dichtheid van stroomfluctuaties 

(s1 ~ I) zien. De experimentele resultaten kunnen worden beschreven met een 1/f 
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-2 ruis parameter a van de orde van 10 • 

Verscheidene theorieen zijn al geopperd om 1/f ruis te verklaren, hoewel 

geen van deze alle experimentele resultaten kunnen verklaren. Ret McWhorter model 

is er een van. Dit model kan de experimentele resultaten bij 300 K met de samples 

met een groat halfgeleider-oxide interface gebruikt in hoofdstuk VI verklaren. 

Ret model is echter in tegenspraak met de experimentele resultaten gevonden in 

de hoofdstukken III en IV. 

Handel heeft zijn quantum 1/f ruis theorie voor het eerst in 1975 gepresen-

teerd. Sindsdien is deze theorie al verschillende malen in twijfel getrokken. 

In hoofdstuk IV worden experimentele resultaten voor halfgeleiders bediscussieerd 

met het oog op de quantum 1/f ruis theorie. Hier wordt geconcludeerd dat er onvol-

doende experimenteel bewijs is voor quantum 1/f ruis theorie in halfgeleiders. 

Suh heeft geprobeerd 1/f ruis te verklaren met intraband overgangen. Zijn 

berekeningen zijn gebaseerd op foutieve vooronderstellingen. In hoofdstuk VIII 

wordt aangetoond dat intraband overgangen geen fluctuaties in het aantal vrije 

ladingsdragers veroorzaakt. Dit mechanisme veroorzaakt resistiviteits fluctuaties, 

die volgens ons onafhankelijk zijn van de frequentie beneden 107 Hz. 

Alhoewel vergelijking (1) niet theoretisch verklaard kan worden geeft deze 

vergelijking toch een beschrijving van 1/f ruis. In devices gemaakt met moderne 

IC technologie worden a waardes gevonden veel lager dan 10-3 • De belangrijkste 

conclusie van dit proefschrift is dat niet kleine volumes, maar perfectheid van 

kristallen aanleiding geeft tot deze lage a waardes. 
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S T E L L I N G E N 

I 

De grootte van de 1/f ruisparameter a hangt niet af van het volume, wel van de 

kwaliteit van het kristal. 

- Dit proefschrift, hoofdstuk 4 en 5. 

II 

Vander Ziel's 'acceleration noise theory' beschrijft de 1/f ruismetingen van 

Birbas et. al. alleen m.b.v. snelheden hager dan de lichtsnelheid in silicium. 

- A.N. Birbas, Q. Peng, A. van der Ziel, A.D. van Rheenen en K. Amberiadis, 

J. Appl. Phys. submitted. 

III 

De oxide laag op silicium devices beinvloedtdegrootte van de 1/f ruis in deze 

devices. Dit is geen experimenteel bewijs voor bet McWhorter model. 

- Dit proefschrift, hoofdstuk 6. 

IV 

Het beschrijven van electronen in een halfgeleider m.b.v. 'activity coefficients' 

zoals voorgesteld door A.G. Guy is dubieus. 

- A.G. Guy, Solid-State Electron. 26 (1983) 433. 

v 

Humusprofiel onderzoek in Oostelijk Flevoland geeft dezelfde informatie over de 

toestand van de vegetatie aldaar als bodem onderzoek. 

- B. Hulscher, doctoraalscriptie, Universiteit van Amsterdam, 1988. 

VI 

Het is mogelijk op een opgeblazen ballon te gaan zitten zonder dat deze knapt. 

ScanIV
Text Box



VII 

De bestrijding van files op de Nederlandse wegen heeft alleen kans van slagen als 

bet rnobiliteitsscenario wordt vervangen door een dernobiliteitsscenario. 

VIII 

Een foutenanalyse is nodig om te beslissen of de door Mihaila waargenomen 

'phononic structures' in de 1/f ruisparameter a serieus genomen moeten worden. 

- M. Mihaila, Proceedings of the 9th International Conference on Noise in Physical 

Systems (World Scientific, Singapore, 1987) p. 343. 

IX 

Het gebruik van spiekbriefjes zou rnoeten worden toegestaan op die tentamens waar 

het gebruik van een electronisch rekenapparaat is toegestaan. 

Er bestaat een duidelijke positieve correlatie tussen de cijfers voor wiskunde 

en natuurkunde op bet VWO en de slagingskans op de Technische Universiteit Eind

hoven. 

Notulen studierichtingscommissie E en ITE, 24-2-1988, zie uitgaand stuk SRC 13 

aan faculteitsbestuur over studierendement. 

Rene Clevers 

11 maart 1988 




