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11.1 Introduction

Noise (a spontaneous fluctuation in current or in voltage) is generated in all semiconductor devices.
The intensity of these fluctuations depends on device type, its manufacturing process, and operating
conditions. The resulted noise, as a superposition of different noise sources, is defined as an inherent
noise. The equivalent noise models (containing all noise sources) are created for a particular device: for
example, bipolar transistor (BJT), junction field effect transistor (JFET), or metal oxide semiconductor
field effect transistor (MOSFET).

The inherent noise of semiconductor devices is considered as an undesired effect and sometimes is
referred to a useful signal. It is specially important for input (front-end) stages of electronic systems.
However, the inherent noise can also be used for the quality assessment of semiconductor devices. Quite
often it has been used as an important factor during the development of the production process of new
semiconductor devices. Inherent noise is also used for the classification of semiconductor devices into
groups with different quality and reliability.

The most important sources of noise are thermal noise, shot noise, generation-recombination noise,
1/f noise (flicker noise), 1/f* noise, burst noise or random telegraph signal (RTS) noise, and avalanche
noise. Detailed description of noise sources is presented in references [1-6].

11.2 Sources of Noise in Semiconductor Devices
11.2.1 Thermal Noise

Thermal noise is created by random motion of charge carriers due to the thermal excitation. This noise
is sometimes known as the Johnson noise. In 1905, Einstein presented his theory of fluctuating movement
of charges in thermal equilibrium. This theory was experimentally verified by Johnson in 1928. The
thermal motion of carriers creates a fluctuating voltage on the terminals of each resistive element.
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11-2 Fundamentals of Industrial Electronics

The average value of this voltage is zero, but the power on its terminals is not zero. The internal noise
voltage source or current source is described by the Nyquist equation

Vi, =4kTRAf i}, = (11.1)

o 4kTAf
R
where
k is the Boltzmann constant
T is the absolute temperature
4kT is equal to 1.61-1072°V - C at room temperature

The thermal noise is proportional to the frequency bandwidth Af. It can be represented by the voltage
source in series with resistor R or by the current source in parallel to the resistor R. The maximum noise
power can be delivered to the load when R; = R. In this case, maximum noise power in the load is kKTAf.
The noise power density, dP,/df = kT, is independent of frequency. Thus, the thermal noise is the white
noise. The RMS noise voltage and the RMS noise current are proportional to the square root of the fre-
quency bandwidth Af. The thermal noise is associated with every physical resistor in the circuit.

The spectral density function of the equivalent voltage and current thermal noise are given by

Sivr =4kTR (11.2)
or
S[}”‘G = 4kTG (113)

These noise spectral densities are constant up to 1 THz and they are proportional to temperature and to
resistance of elements, and as such can be used to indirectly measure the following:

o The device temperature
o The base-spreading resistance of BJT
o The quality of contacts and connections

11.2.2 Shot Noise

Shot noise is associated with a discrete structure of electricity and the individual carrier injection through
the pn junction. In each forward-biased junction, there is a potential barrier that can be overcome by the
carriers with higher thermal energy. This is a random process and the noise current is given by

2, = 2qIAf (11.4)

The noise spectral density function of the shot noise is temperature independent (white noise) and it is
proportional to the junction current

S =2g1 (11.5)

where
q is the electron charge
I'is the forward junction current

Shot noise is usually considered as a current source connected in parallel to the small signal junction

resistance. The measurement of shot noise in modern nanoscale devices is relatively difficult since mea-
sured values of current are in the range of 10-100fA.
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Shot noise has to be proportional to the current and any deviation from this relation can be used
to evaluate parasitic leaking resistances. It can be used for diagnosis of photodiodes, Zener diodes,
avalanche diodes, and Schottky diodes.

11.2.3 Generation-Recombination Noise

Generation-recombination noise is caused by the fluctuation of number of carriers due to existence
of the generation-recombination centers. Variation of number of carriers leads to changes of device
conductance. This type of noise is a function of both temperature and biasing conditions. The spectral
density function of the generation-recombination noise is described by

Se-r(f) _ (AN)* 41
N2 N*  1+(Qnf-1)

(11.6)

where
(AN)? is the variance of the number of carriers N
Tis the carrier lifetime

Spectral density is constant up to the frequency f,_, = 1/(27t), and after that is decreasing proportionally
to 1/f2

In the case, when there are several types of generation-recombination centers with different car-
rier life time, the resultant noise spectrum will be a superposition of several distributions described
by (11.6). Therefore, the spectral distribution of noise can be used to investigate various generation-
recombination centers. This is an alternative method to deep-level transient spectroscopy (DLTS) to
study generation-recombination processes in semiconductor devices.

11.2.4 1/f Noise

1/f noise is the dominant noise in the low frequency range and its spectral density function is pro-
portional to 1/f. This noise is present in all semiconductor devices under biasing. This noise is usually
associated with material failures or with imperfection of a fabrication process. Most of research results
conclude that this noise exists even for very low frequencies up to 10-*Hz (frequency period of several
weeks). This noise is sometimes used to model fluctuation of device parameters with time. There are two
major models of 1/f noise:

o Surface model developed by McWhorter in 1957 [7]
o Bulk model developed by Hooge in 1969 [8]

The simplest way to obtain 1/f characteristics is to superpose many different spectra of generation-
recombination noise, where free carriers are randomly trapped and released by centers with different
life times. This was the basic concept behind the McWhorter model where it was assumed that

o In the silicon oxide near the silicon surface there are uniformly distributed trap centers.

o The probability of the carrier penetration to trap centers is decreasing exponentially with the
distance from the surface.

« Time constants of trap centers increases with the distance from the surface.

« Trapping mechanisms by separate centers are independent.

The resulted noise spectral density function is given by
S = (ANY

T

1 47 — 1 1 1
= ~-dt=(AN)’-—  for —<<m<<— (11.7)
T1+mT f T, T
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11-4 Fundamentals of Industrial Electronics

The spectral density function is constant up to frequency f, = 1/(2nt,), then is proportional to 1/fbetween
f, and f; = 1/(2wt)), from frequency f, is proportional to 1/f2. The McWhorter model is primarily used
for MOSFET devices.

For BJT, the Hooge bulk model is more adequate. In this noise model, Hooge uses in the carrier trans-
port two scattering mechanisms of carries: scattering on the silicon lattice and scattering on impurities.
He assumed that only scattering on the crystal lattice is the source of the 1/f noise, while scattering on
the impurities has no effect on noise level. All imperfections of the crystal lattice leads to large 1/fnoise.

The noise spectral density function for the Hooge model is

oy - I
Syp=——— 11.8
=N (11.8)
where
0 =2 - 107 is the Hooge constant [8]
o.and y are material constants
N is the number of carriers

Later [9], Hooge proposed to use oy, as variable parameter, which in the case of silicon devices may vary
from5-107¢to 2107,

The 1/f noise is increasing with the reduction of device dimensions and as such is becoming a real
problem for devices fabricated in nanoscale. The level of 1/f noise is often used as the measure of the
quality of devices and its reliability. Devices fabricated with well-developed technologies usually have a
much smaller level of 1/fnoise. The 1/fnoise (flicker noise) sometimes is considered to be responsible for
the long-term device parameter fluctuation.

11.2.5 Noise 1/f?

Noise 1/f? is a derivative of 1/f noise and it is observed mainly in metal interconnections of integrated
circuits. It has become more evident for very narrow connections where there is a possibility of elec-
tromigration due to high current densities. In aluminum, the electromigration begins at current densi-
ties of 200 LA/um? and noise characteristics changes from 1/f to 1/f, where y > 2. Also the noise level
increases proportionally to the third power of the biasing current:

cJ? -E,
Sl/fz (f):fY.T.eXp(kT) (11.9)
where
B=3,y>2
C is the experimentally found constant
E, is the activation energy of the electromigration
k =8.62-107°eV/K is the Boltzmann constant
The degeneration of the metallic layer is described by
-E
Vgo< J" - 11.10
ao<] exP( T ) (11.10)

Since Equations 11.9 and 11.10 have a similar character, the 1/f? noise can be used as the measure of the
quality of metal interconnections. This is a relatively fast and accurate method to estimate reliability of
metal interconnections.
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11.2.6 Burst Noise/RTS Noise

Burst noise is another type of noise at low frequencies. Recently, this noise was described as RTS noise.
With given biasing condition of a device the magnitude of pulses is constant, but the switching time is
random. The burst noise looks, on an oscilloscope, like a square wave with the constant magnitude, but
with random pulse widths (see Figure 11.1). In some cases, the burst noise may have not two but several
different levels.

Noise spectral density function of the RTS noise has a similar form like generation-recombination
noise:

4. (AI

Sers(f) = CW

(11.11)

where
1

- (ﬁ"‘ﬁ)'f}%rs

111 _7+7 . .
Jres=7 =—=  RTS noise corner frequency, below this frequency spectrum of the
RTS noise is flat

- T T
T Observation time
T, Average time of pulses at high level

T, Average time of pulses at low level
s

P
_ 1 _ 1
AQ1 T’ZFZT”P’T”ZE Thys

i=1 j=1

The intensity of the RTS noise depends on the location of the trap center with the reference to the Fermi
level. Only centers in the vicinity of Fermi levels are generating the RTS noise. These trapping centers,
which are a source for RTS noise, are usually the result of silicon contamination with heavy metals or
lattice structure imperfections.

In the SPICE program the burst noise is often approximated by

. 148

ikrs = Ky———5 Af (11.12)
1+(f/fRTS)

where Ky, Ay, and fp;g are experimentally chosen parameters, which usually vary from one device to
another. Furthermore, a few different sources of the burst noise can exist in a single transistor. In such a
case, each noise source should be modeled by separate Equation 11.11 with different parameters (usually
different noise RTS corner frequency fpys).

it)

Tl,p
—‘ Al
t
Ths
— i | v

FIGURE 11.1 The RTS noise.
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Kleinpenning [10] showed that RTS noise exists with devices with small number of carriers, where a
single electron can be captured by a single trapping center. RTS noise is present in submicrometer MOS
transistors and in BJTs with defected crystal lattice. It is present in modern SiGe transistors.

This noise has significant effect at low frequencies. It is a function of temperature, induced mechani-
cal stress, and also radiation. In audio amplifiers, the burst noise sounds as random shots, which are
similar to the sound associated with making popcorn. Obviously, BJTs with large burst noise must
not be used in audio amplifiers and in other analog circuitry. The burst noise was often observed in
epiplanar BJTs with large B coefficients. It is now assumed that devices fabricated with well-developed
and established technologies do not generate the RTS noise. This is unfortunately not true for modern
nanotransistors and devices fabricated with other than silicon materials.

11.2.7 Avalanche Noise

Avalanche noise in semiconductor devices is associated with reverse-biased junctions. For large reverse
junction voltages the leakage current can be multiplied by the avalanche phenomenon. Carriers in the
junctions gain energies in a high electrical field and then they collide with the crystal lattice. If the
energy gained between collisions is large enough, then during collision another pair of carriers (electron
and hole) can be generated. This way the revised biased current can be multiplied. This is a random pro-
cess and obviously the noise source is associated with the avalanche carrier generation. The intensity of
the avalanche noise is usually much larger than any other noise component. Fortunately, the avalanche
noise exists only in the pn junction biased with a voltage close to the breakdown voltage. The avalanche
phenomenon is often used to build the noise sources.
Noise spectral density function of the avalanche noise is frequency independent:

2q1

Sav(f) = m

(11.13)

where I is an average value of the reverse biasing current.

An avalanche phenomenon is in most cases reversible. Therefore, semiconductor devices, where the
avalanche breakdown took place, are regaining their low noise properties once devices are no longer
working at avalanche region.

11.3 Noise of BJTs, JFETs, and MOSFETs
11.3.1 Noise of BJTs

In Figure 11.2, the equivalent diagram of BJT with noise sources is presented. These are as follows:
thermal noise of base-spreading resistance r,, shot noise and 1/f type noise of base bias current I, and

2 2
Lshp+ U

FIGURE 11.2 Equivalent diagram of BJT with noise sources.
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OC shot noise of collector current I.. Spreading resistance is shown as
— external resistor r, (noiseless resistor) between internal base B” and
B external base B.
The intensities (mean-square values) of noise sources are given by
the following relations:

XN

i v, = 4kTr, - Af—thermal noise of base spreading resistance 7, (11.14)
ity = 2qI; - Af—shot noise of base bias current I, (11.15)
I s
E ilz,fb = ffBYf—ﬂicker noise of base bias current I (11.16)
FIGURE 11.3 The v; —i; ampli-
fier model of the bipolar transistor. ~ —
ige = 2qlc - Af —shot noise of collector bias current I; (11.17)

Coefficients o i 7 in properly fabricated B]Ts are close to 1. In silicon BJTs, the noise 1/f is caused by
fluctuation of the recombination current in the depletion region of the base-emitter junction near the
silicon surface. The npn transistors have usually higher levels of 1/f than pnp transistors.

Figure 11.3 shows the v; —i, amplifier model of the BJT with the equivalent input noise voltage and
current v2 and i2, respectively.

The equivalent input noise voltage and current (mean-square values) can be expressed by [4]

o 2
V2 =4kTr,,.Af+[2q.IB “Af + Kff~yIB Af].rbl +2qIC-Af(E+‘I/T) (11.18)
C
2 =21, -Af+7KJ}YIB ~Af+zgﬁc Af (11.19)

where B is the common-emitter current gain, V; = k - Tj/q, for T, = 290K and V= 25mV.

In practice, the intensities of these noise sources versus frequency f have to be taken into account,
and of course the 1/f noise sources in low frequency range are the main ones. For this reason, the flicker
noise corner frequency f.,. is one of the important parameter. The flicker noise corner frequency f,,, is
understood as being the frequency for which the 1/f noise and the white noise (thermal, shot) are equal
to each other (see Figure 11.4).

log S(f)A

Jeor logf

FIGURE 11.4 Noise power spectral density function S(f) versus frequency f.
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11-8 Fundamentals of Industrial Electronics

The shape of noise power spectral density function S(f) as a function of frequency f, representing

intensity of input noise voltage or current sources v; /Af, i, / Af, respectively, is the same. Function
S(f) should have —10dB/decade slope in the low frequency range below flicker noise corner fre-
quency f,,,. For the f < f,,, the 1/f noise is the dominant component and for f > f, , the white (thermal

and shot) noise is prevailing. The flicker noise corner frequency f.,, for i./ Af can be found from the

cor

relation [4]

Ky

(11.20)
29(1+1/B)

fcor -

where parameters K;and [ are measured experimentally.

For BJTs, the f,,, is in the range from tenth of Hz to several kHz. The value of the flicker noise corner
frequency can be evaluated separately for both equivalent input noise sources, for equivalent input noise
voltage, and equivalent input noise current. The values of f,, are not the same.

For evaluating a noise behavior of BJTs in a high and a very high frequency range the noise factor F

can be applied. The noise factor F is given by the relation

2
Vai

F=— 1 __ (11.21)
4kTRAf

where v;; is the mean-square equivalent noise input voltage for the CE or the CB configuration of BJT,
Ry is the noise source resistance [4].

One way to reduce the thermal noise level of the base spreading resistance, r,, is the connection
of several (N) BJTs in parallel and to assure that the total current of all transistors is the same as for
one transistor. By this way, the level of shot noise stays on the same level and the thermal noise is
reduced to r,/N.

11.3.2 Noise of JFETSs

In Figure 11.5, the equivalent diagram of JFET with attached noise sources is presented. These are as
follows: thermal noise of drain current I, 1/f noise of drain current I;,, and shot noise of gate current I;.
At the normal operating conditions, the gate-source junction is reverse biased and the shot noise of gate
current, I;, can be neglected.

2 2
G Uihd + 1 fd

2
Ushg

S

FIGURE 11.5 Equivalent diagram of JFET with noise sources.

K10147_C011.indd 8 @ 6/22/2010 2:28:31 PM



Noise in Semiconductor Devices 11-9
oD The intensities (mean-square values) of noise sources are given
V_ﬁ by the following relations:
G ifhg =2gl; - Af —shot noise of gate current I (11.22)
2 . 2

b i = 4kT(‘§”’) - Af —thermal noise of drain current I;, (11.23)

* — K,-I%
if,fd = j} 7 D - Af —flicker noise of drain current I,  (11.24)

oS

FIGURE 11.6 ‘The v;—i, amplifier Coefficients 0.1 in properly fabricated JFETS are close to 1.
model of the JEET. Figure 11.6 shows thev; —i; amplifier model of the JFET with the
equivalent input noise voltage and current v; and iy, respectively.
The equivalent input noise voltage and current (mean-square values) can be expressed by [4]

S hatia K, I3 Af KA
vy = e :4kT(2J'Af T (11.25)
&m 3gm gm’f 3 B'ID 4Bf
i2 =i2y =2ql - Af (11.26)

where B is the transconductance coefficient.
As for BJTs, in the low frequency range, the flicker noise corner frequency £,
parameter. The frequency f,

cor

is one of the important
can be evaluated only for the power spectral density function S(f) repre-
senting the intensity of input noise voltage v, /Af, because the equivalent input noise current does not
include the 1/fnoise. For JFETS, the flicker noise frequency f,,, is understood as being the frequency for

which the 1/f noise and thermal noise of v; /Af are equal to each other (see Figure 11.4).

Noise power spectral density function S(f) as function of frequency f (representing intensity of input
noise voltage source) should have —10dB/decade slope in the low frequency range below flicker noise
corner frequency f,,.. For the f < f, ,, the 1/f noise of drain current is the dominant component; and for
f> f.or the thermal noise of drain current is prevailing.

for v; /Af can be calculated from the relation

3-K; [T,
= S (11.27)
Jor = 6okT B

The typical flicker noise corner frequency f,,, for JFETs is in the range of several kHz.
For high and very high frequency, the noise factor F for JFETs can be calculated using relation (11.21),

The flicker noise corner frequency f.

cor

where v;; is the mean-square equivalent noise input voltage for the CS or the CG configuration of JFET,
and R is the noise source resistance [4].

11.3.3 Noise of MOSFETs

In Figure 11.7, the equivalent diagram of MOSFET with attached noise sources is presented. These are as
follows: thermal noise of drain current I;, and 1/f noise of drain current I,
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L
— _
GO_> H_OB %K i?hd + L%/fd
—

L

FIGURE 11.7 Equivalent diagram of MOSFET with noise sources.

The intensities (mean-square values) of noise sources are given by the following relations:

2 2
it = 4kT(‘§’") - Af —thermal noise of drain current I, (11.28)
.2 Kf . Ig . . .
i = TJCY - Af —flicker noise of drain current I, (11.29)
where
L is the channel length

C,, is the gate oxide capacitance per unit area
Coeflicients o iy in properly fabricated MOSFETs are close to 1.

Figure 11.8 shows the v; —i; amplifier model of the MOSFET with the equivalent input noise voltage
and current v, and iy, respectively.
The equivalent input noise voltage and current (mean-square values) can be expressed by [4]

Ve ia +it1a _ 4KT - Af L KA
" e 3JK-Ip 4KDC, - fY

i2=0 (11.31)

(11.30)

where K is the transconductance coefficient.
From the noise power spectral density function S(f) versus fre-
oD quency f (representing intensity of input noise voltage source), the

flicker noise corner frequency f,,. can be found (see Figure 11.4).
v2 This noise corner frequency f,, for v /Af can be evaluated from
— the relation
co—(R)—| o
M fo= K b (11.32)
16-kTL’C,. \ K
Os

For the f < f.,, the 1/f noise of drain current is the dominant
FIGURE 11.8 The v2—iZ amplifier ~component; and for f > f,,, the thermal noise of drain current is
model of the MOSFET. prevailing.
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The typical values of f,,, in MOSFETs could be even larger than 10 MHz. The noise level at very high
frequencies is very low.

11.3.4 Low Noise Circuits for Low Frequency Range

There are special semiconductor devices named “noiseless” that have very low levels of noise, espe-
cially in the low frequency range. These are transistors (bipolar and unipolar), transistor pairs, specially
matched transistors, and amplifiers. For these devices, the equivalent input noise voltage source or the
equivalent input noise current source (see Figure 11.3 for B]Ts, Figure 11.6 for JFETs, Figure 11.8 for
MOSFETs) at low frequency is given in technical data by manufacturers. Typically, this information is
given for 1kHz (sometimes for 10 Hz) at the given value of the device current. For these devices, the 1/f
noise intensity and flicker noise corner frequency are important.

For low noise system, the input (front-end) stages are very important. For small source resistances,
the BJTs are the preferred devices for these stages, and typically they have about 10 times lower level of
equivalent input noise voltage than JFETs. In the selection of the BJT, the large value of the current gain
B and the small value of the base spreading resistance r, is important. For example, BJTs npn 2SD786 i
pnp 2SB737 of Japanese company ROHM have § = 400 and r, = 4 Q. Transistors MAT-2 from Analog
Devices (monolithic transistor pair) have § = 500 and r, below 1 Q. Noise parameters of transistors
MAT 02E are as follows: intensity of equivalent input noise voltage source at collector current of I mA
at frequency 10Hz is equal to 1.6/2 nVA/Hz, at frequency 100Hz is 0.9/1 nV/A/Hz, and at frequency
1-100kHz is 0.85/1 nV//Hz.

For high source resistances, the JFETSs are the preferred choice. It is important that JFET transistors
have large transconductance g,, and small gate capacitance. For transistors 2N5515 made by INTENSIL,
the intensity of equivalent input noise current source at 10 Hz and 1.6 mA is smaller than1 fAA/Hz, and
is the same up to 10kHz. Whereas, the intensity of equivalent input noise voltage source at drain cur-
rent of 600 LA is 10 nV/+/Hz. This transistor has f,,, = 10kHz at drain current of 600 uA; it means that
at 10kHz the intensity of 1/f noise is equal to intensity of white noise.

For low frequencies, MOSFETs should not be used because of the high level of 1/f noise.

There are also special operational amplifiers for low noise applications. One such amplifier is manu-
factured by Precision Monolithics Inc. and it has the intensity of equivalent input noise voltage source
in the range 3.5/5.5 nV//Hz at 10Hz and 3/3.8 nV//Hz at 1kHz. Whereas, the intensity of equivalent
current noise source is 1.7/4 pA/\/E at 10Hz, and 0.4/0.6 pV/\/E at 1kHz. This low noise OPAMP
has very small flicker noise corner frequency, which is equal to 2.7 Hz for equivalent input noise voltage
source and 140 Hz for equivalent input noise current source. This amplifier is specially suited for small
source resistances (Rg < 1kQ). For input resistances larger than 1k, better noise property have ampli-
fiers OP-07 i OP-08. For very large input resistances, the better choice is OPA-128, which has intensity
of equivalent input noise voltage source equal to 27 nV/v/Hz at 1kHz, and intensity of equivalent input
noise current source is 0.12 fA/x/Hz in the frequency range from 0.1 Hz to 20kHz. The low noise ampli-
fiers AD 797 from Analog Devices has the intensity of equivalent input noise voltage source equal to
1.7 nV/v/Hz at 10Hz and 0.9 nV/+/Hz at 1 kHz. Similar properties have low noise amplifiers LT 1028/LT
1128 from LINEAR TECHNOLOGY. They have the intensity of equivalent input noise voltage source
equaltol nV/v/Hz at 10Hz and 1.1 nV/+/Hz at 1kHz. The flicker noise corner frequency f,,,
and it is equal to 3.5Hz.

A special low noise amplifier for sources with large resistances is TLC 2201. It has, at 100 Hz, the
intensity of equivalent input noise voltage source of 10 nV/v/Hz,, and the intensity of equivalent input
noise current source of 0.6 fA/ \/ﬁ .

In practical applications, for very low noise circuits usually in the first stage of the system low noise
transistor is applied and then at the next stages low noise amplifiers are used. Special care should also be
taken for proper design of power supplies.

is very low
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