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1/f NOISE OF GaAs RESISTORS ON SEMI-INSULATING
SUBSTRATES, AND 1/f NOISE DUE TO TEMPERATURE
FLUCTUATIONS IN HEAT CONDUCTION

1. INTRODUCTION
1.1. Thesis Organization

Electronic devices and systems exhibit random fluctuations in the voltage
or current at their terminals, and these fluctuations are usually referred to as noise.
The noise described in this thesis is not due to external disturbance which could be
eliminated, but is inherent in the system itself. It originates in the random
behaviour of the charge carriers within the electronic components constituting the
system. This type of noise gives lots of challenging issues in analog circuit design.
Especially, analog circuits operating at low frequency range where 1/f noise is
significant, one of the most important design issues is how to minimize the 1/f
noise in the circuit. As the process technology migrates from 90nm technology to
50nm technology, the size of the CMOS devices is getting smaller and smaller.
This smaller device has often smaller signal to noise ratio. More advanced low
noise technology and understanding of semiconductor device noise are required to
achieve very small low power devices.

The three most commonly encountered types of noise are thermal noise,
shot noise, and 1/f noise. Thermal noise arises from the random velocity
fluctuations of the charge carriers in a resistive material. The mechanism is
sometimes said to be Brownian motion of the charge carriers due to the thermal

energy in the material. Thermal noise is present when the resistive element is in



thermal equilibrium with its surroundings, and is often referred to as Johnson
noise.

Schottky discussed shot noise in 1918. Shot noise is frequently
encountered in solid state devices. It is associated with the passage of current

across a barrier such as the depletion layer of a p-n junction.

-y
1/f noise shows a power spectral density which varies frequency as |f| :

where y usually falls between 0.8 and 1.2. There are various theoretical

difficulties associated with the treatment of I/f noise. At present, no entirely
satisfactory explanation for the phenomenon exists, although in certain instances
specific models have been developed. But it appears that such models have only
limited application and do not adequately account for many of the observed 1/f
noise waveforms.

It is the aim of this paper to present 1/f noise in semiconductor devices
using a model based on a distributed equivalent circuit concept [1] and diffusion
equation.

Several specific noise parameters have been reviewed such as equivalent input
noise voltage, equivalent input noise current, noise figure in single stage circuits,
and noise figure in cascaded circuits in chapter 2.

Noises in semiconductor devices are reviewed in chapter 3. These are
basic building blocks in low noise devices and circuit design.

Chapter 4 discusses a new theory to analyze the 1/f noise of GaAs resistors
on semi-insulating substrates. The model is based on a distributed equivalent

circuit representation of the substrate, and shows that 1/f noise bulk phenomena



associated with high resistivity substrates. One consequence of the theory is that
in this particular instance Hooge's parameter is given by a formula which has a
simple physical interpretation as the ratio of two charges, the thermal charge
developed across the substrate capacitance and the charge associated with ionized
donors in the resistor channel with proportional constant which depends on the
voltage developed in the semi-insulating substrate and doping concentration of the
substrate.

Chapter 5 deals with 1/f noise due to temperature fluctuation in
semiconductor devices. Power dissipation at high currents and voltages in
semiconductor devices results in significant heat generation and heat conduction
towards the heat sink. The device temperature is only an average value and there
are as a consequence of the diffusion equation for heat flow itself temperature
fluctuations about this average value. It will be shown that these temperature
fluctuations can result in 1/f noise at moderately low frequencies where these
frequencies are determined by the physical dimensions over which the heat flows
and the diffusion transit time.

Chapter 6 summaries the research and presents future research works.

1.2. Contribution of This Research
The theory of 1/f noise of semi-insulating material was presented in 1995;
L. Forbes, "On the theory of 1/f noise of semi-insulating materials,” IEEE Trans.

on Electron Devices, Vol. 42, No. 10, pp. 1866-1869, (Oct. 1995).



This theory describes the 1/f noise of semi-insulating materials and is analogous to
the Nyquist formula for the white thermal noise or Johnson noise of conductors.
The theory was applied to FET’s on semi-insulating substrates and GaAs resistors
on semi-insulating substrates, respectively;

» L. Forbes, M.S. Choi and K.T. Yan, "1/f NOISE OF GaAs
RESISTORS ON SEMI-INSULATING SUBSTRATES," IEEE Trans.
on Electron Devices, Vol. ED-43, pp. 622-627 , ( April 1996).

» L. Forbes, K.T. Yan and M.S. Choi, "1/f NOISE CORNER
FREQUENCY OF FET's ON SEMI-INSULATING SUBSTRATES,"
Ext. Abs. U.S. Conf. on GaAs Manufacturing Technology
(MANTECH), New Orleans, pp. 52-55, (May 1995).

The theory on 1/f noise in electron devices due to temperature fluctuations
in heat conduction was presented in 1996;

» L. Forbes, M.S. Choi, ""1/f Noise in electron devices due to temperature
fluctuations in heat conduction," 54th Annual Device Research
Conference Digest, Page: 46-7, June 1996.

The theory was applied to bipolar transistors and other devices.

» L. Forbes, M.S. Choi and W. Cao, “1/f NOISE IN BIPOLAR
TRANSISTORS DUE TO TEMPERATURE FLUCTUATIONS IN
HEAT CONDUCTION,” Microelectronics Reliability, Vol. 39, No. 9,

pp. 1357-1364, Sept. 1999.



This theory could be used to derive more general equations which can be
used as a general measure of the noisiness of system or devices. 1/f noise in

electronic devices can be represented in terms of the Hooge parameter «,, of the

devices. This theory can contribute to create a unified point of view on device

noise.



2. NOISE IN CIRCUITS AND NOISE MEASUREMENTS
2.1. Introduction

In analog electronic circuits and systems, signals are often corrupted by
device electronic noises. To evaluate circuit performance and to compare with
other designs, we measure the output noise voltages of the circuit. Circuit noise
generation is distributed throughout the system and the output noise voltages are
the sum of contributions from all noise generators. In this chapter several specific
noise parameters have been reviewed such as equivalent input noise voltage,
equivalent input noise current, noise figure in single stage circuits, and noise figure
in cascaded circuits. These are useful quantities capable of being measured and
serving as comparison indexes. Because noise voltages are often very low, it is
not possible to measure noise directly at its source. Noise measurement techniques
representing the measured output noise in terms of equivalent input noise were

reviewed.

2.2. Noise Bandwidth

The high frequency operation of many circuits, especially operational
amplifiers plays an important role in many applications. Signal bandwidth of an
amplifier is defined as the frequency span between zero frequency and the
frequency on the frequency axis where the signal transmission has been reduced
by -3 dB from the central or midrange reference value. A -3 dB reduction
represents a half loss in the power level and corresponds to a voltage level equal to

0.707 of the voltage at the center frequency reference.



Noise bandwidth is not the same as the signal -3 dB bandwidth. The noise
bandwidth is the frequency span of a rectangular shape power gain curve equal in
area to the area of the actual power gain versus frequency curve. Noise bandwidth
is the area under the power curve, the integral of power gain versus frequency,

divided by the peak amplitude of the curve. This can be stated in equation form as

Noise Bandwidth=A f :Pi jo‘” P(f )df (2.1)

where P( f) is the power gain as a function of frequency and P, is the peak power
gain. We usually know the frequency behavior of the voltage gain of the system
and since power gain is proportional to the network voltage gain squared, the

equivalent noise bandwidth can also be written as

. . 1 = ’
Noise Bandwidth= A f o7 [, (f) df (2.2)

where Q.o is the peak magnitude of the voltage gain and |Qv(f ]2 is the square of

the magnitude of the voltage gain over frequency. Figure 2.1 shows the definition
of signal and noise bandwidth.
Let’s use the concept of the noise bandwidth to derive the output noise

power of an amplifier as shown in Figure 2.2, and assume it has low source

impedance so that the equivalent input noise voltage Q_VZI determines the output

noise performance. Assume that the input spectral density Q_Vzi/ Af :Si(f) of the
input noise voltage is known. The total output noise voltage can be obtained by
summing the contribution from output noise spectral density, So(f) in each

frequency increment Af between zero and infinity to give



IAI? 1 |Avol?

1.2 +

Noise bandwidth |

0.8

0.6 +

Voltage gain squared

0.4 +

0.2 +

3-dB bandwidth

Frequency f/fsas

Figure 2.1 Definition of noise bandwidth.



Equivalent input noise voltage

e

—®— —

Circuit Quvo

Figure 2.2  Circuit with equivalent input noise voltage generator.

O

f=0

2r=> S, (F)af = [ 8, (£ ) =[1Q, (if )'s,,f

=S, j Q,(jf ) df 23

1% e \2
=S Q2| — f) df
|0Qvo|:szo_([|Qv(J ] j|
=SionzoAf

Thus the output noise-voltage spectral density is given by

S, (f)=Q2, /Af=S, Q2. (2.4)
Equation (2.3) shows that the total output noise of the circuit is easily calculated
once we know the noise bandwidth given in the equation (2.2). The equation (2.2)
shows that the circuit gain is normalized to its low-frequency value and thus the
calculation of noise bandwidth concerns only the frequency response of the circuit.
The noise bandwidth can be measured with a calibrated noise generator. The noise

generator must be the only significant noise source in the system for this
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measurement. First, we can measure the transfer voltage gain A,r at f, that is the
frequency gives the maximum power gain. Then we can measure the total output
noise Q.,, with the noise generator connected to the input of the system under
measurement. The output noise is
Qo = Ay QuAf (2.5)
12

where Qy; is the input noise signal in volts per hertz ~“.

The noise bandwidth can be derived from the above equation (2.5)

Q 2
Af =| —m— || 2.6
(A/T QviJ ( )

2.3. Noise Figure and Signal-to-Noise Ratio

The incoming signal to wireless devices is very weak, and the signal should
be amplified to be processed in the next circuit stages of the system. When the
weak signal is amplified, the noise associated with the signal is amplified. The
amplification system also adds noise to the signal in many cases. The power ratio
of the input signal to noise is usually degraded.

The noisiness of a linear system can be evaluated by a noise figure. The
noise figure F is a commonly used method of specifying the noise performance of
a circuit or a device. It is widely used as a measure of noise performance in
communication systems.  The noise figure of a two-port device is generally
defined by the ratio of the available output noise power per unit bandwidth to the

portion of that noise caused by the actual source connected to the input terminals
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of the device, measured at the standard temperature of 290 K [13]. This definition
of the noise figure in equation form is

o Total available output noise power
~ Portion of output noise power due to the source resistor

(2.7)

O— — O
Siv Ni Circuit So, No
o— L 5

Figure 2.3 Signal and noise power at the input and output of a two-port circuit.

Consider a circuit as shown in Figure 2.3, where S represents signal power and N
represents noise power. The input noise power N;is always taken as the noise in
the source resistance. The output noise power N, is the total output noise
including the circuit contribution and noise transmitted from the source resistance.
An equivalent definition of the noise figure is

_Input signal —to—noise ratio S, / N,
Output signal —to — noise ratio S,/ N,

(2.8)

The noise figure, since it is a power ratio, can be expressed in decibels. When

expressed in decibels, the logarithmic expression for the noise figure, Fpg is

Fos = 10logF
/N . ) 2.9
=10log Si /N, =10Iogi—10Iog S, (29)
S,IN, N, N,

We can also write Fpg in terms of voltage,
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Fog = 20Iog&—20Iog% (2.10)

vnt vno
where Qyn is the input thermal noise voltage and Q.no IS the output noise voltage.
The noise figure is a measure of the signal-to-noise degradation after the
amplification. For a noise free amplifier, one that adds no noise to the thermal
noise of the source, the ideal noise figure is F= 1 and Fpg = 0 dB. Noisy system
has higher value of noise figure.

To predict ways of minimizing system noise, we can derive an expression for over
all noise figure of the system when several amplifiers are connected in cascade.
The system to be analyzed consists of a signal source with internal terminal noise

and two cascaded circuits as shown in Figure 2.4.

Q Circuit 1 Circuit 2

Figure2.4 Two amplifier networks in cascade.
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The available power gain of the system is represented by H,, and the available
thermal noise power is P, = Q] /4R,. The first stage noise figure Fy is

F, =P_/H KTAf (2.11)
where Py, is the available noise power at the load terminals. The available noise
power at the input to second stage, Pni, IS

P., =P = FHKTAf . (2.12)
The second stage noise figure F; is

F,=P

no2

I H,KTAf (2.13)
The noise generated in the second stage is P, — H,KTAf , and from the above
equation

F,H,KTAf — H KTAf = (F, —1)H,KTAf . (2.14)
The H,KTAf term represents the thermal noise power in the source resistance for

circuit2. The total output noise Pno IS given by

P.r =H,(F,HKTAf) +(F, —-)H,KkTAf

(2.15)
=(FH,H, + F,H, — H,)KTAf
Thus the noise factor of the cascaded two stages is
F, =P, /HHKTAf =F +(F, -1)/H,. (2.16)

If the analysis is extended to three stages, we obtain the following relation
developed by Friis [2]:
Fn=F+F,-)/H, +(F,-1)/HH,. (2.17)
Amplifier noise is represented completely by a zero impedance voltage

generator E, in series with the input port, an infinite impedance current generator
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I, in parallel with the input as shown in Figure 2.5. Each of these terms typically
are frequency dependent. The thermal noise of the signal source is represented by
the generator Q. Equivalent input noise, Quni, Will be used to refer all three noise
sources to the signal source location. The levels of signal voltage and noise
voltage that reach Z;, in the circuit are multiplied by the noiseless voltage gain A,.
For the signal path, the transfer function from input signal source to output port is
represented by system gain Ay,

AV, Z,
A.=Q,/Q, =-—rinZin 2.18
T sto va Rs + Zin ( )

The total noise at the output port is
Qro = AQ;- (2.19)

The noise at the input to the amplifier is

2
Z, | ..o z.R
2_: 2+ 2| in +|2 in" ‘s 220
QVI (Qvt Qvn) Zin + RS n Zin . ( )
The total output noise is
z [ zR [
2 — 2 2+ 2 in + 2|2 in' ‘s 221
Qvno A/ (Qvt Qvn) Zin + Rs A/ n Zin + RS ( )

Thus we can get an expression for equivalent input noise, Quni’

Qui =Quno / A7 =Qu +Q, +17R;. (2.22)
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Noiseless

@ Circuit 40

Qvni
I <T> Zin Qvno

Qu

—0

Figure 2.5 Representation of noise in a two-port network by equivalent input

voltage and current generators.

The thermal noise of the source resistance is

Q% = 4KTRAf . (2.23)
If we reduce the source resistance, Rs to small value, then

Qni =Qne / AT =Qiy
the resulting equivalent input noise is the noise generator, Q,,. We can find the
value for Q,, by dividing total output noise by Ayt. I,Rs term is proportional to
the value of resistance and contributes a large noise at a sufficiently large value of
source resistance.

Qi = Qo / A = Qi + 1R
To find I,, we measure the total output noise with a large source resistance and

divide by the system gain if Q; << 1?RZ. When the InRs term can not be made
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dominant, the thermal noise voltage can be subtracted from the equivalent input

noise.

2.4. Noise Measurement

We have reviewed the equivalent input noise voltage Q.. which is a
Thevenin equivalent noise voltage generator located in series with the amplifier
impedance and equal to the sum of the amplifier noise. = The measurement of
equivalent input noise is basic to both the determination of NF and the
characterization of the amplifier noise voltage and noise current parameters. The

noise measurement of an amplifier system will be considered in this section.

Amplifier

i i VSD
v, @ H Z, H Z. circuit o

Figure 2.6 Measurement of equivalent input noise using the sine wave method.

We can measure the transfer voltage gain A,r by connecting a voltage

generator Vs in series with the source impedance Z, and measuring the output
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signal V,, as shown in Figure 2.6. Voltage transfer gain A,; is the ratio of V, to

Vv

Vi Ar =12

Z
Vso = A\/T Z—Cvs = AvT 'Vsi (224)
B +ZC

Since this gain must be measured at a signal level higher than the noise level, we
have to make sure that the amplifier is biased at a proper voltage level. Low noise
amplifier often has high gain, it is necessary to reduce the applied input signal
below its minimum setting to avoid overdriving the amplifier by using attenuator.

ZC

> 7 V. term in equation (2.24) is the voltage reduction after an attenuator
B+ C

S

inserted between voltage source and amplifier.
The total output noise Q.,, is measured to calculate Q.. Remove the signal

generator and measure the output noise Quno. The equivalent input noise Q.. is

z. )
va:[An mJ Quno (2.25)

To obtain the noise spectral density, divide the equivalent input noise by the
square root of the noise bandwidth.

We can measure spectral noise over a wide range of frequencies by using
spectrum analyzer. Spectrum measurements show the frequency components that
are present in a particular signal. The rms noise is measured in a given noise

bandwidth Af . The bandwidth of the analyzer changes with the scan range so the

noise reading will increase or decrease with noise bandwidth. The correct value is

obtained by dividing each reading by the square root of the noise bandwidth Af .
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When trying to read 1/f noise at low frequencies, the 60 Hz signals and harmonics
may be measured, and they look like noise. We can resolve the difference
between the pickup and the noise by reducing the scan bandwidth. A simplified
noise measurement setup can be constructed with lock-in amplifier that is used as
narrow bandwidth frequency tunable RMS voltmeter. We can smooth the meter
fluctuations by averaging over a long period of time.

Another method can be used to measure amplifier noise. We can measure
calibrated noise source Q,,, and output noise measured by a rms output noise
meter. The output noise level of the amplifier is compared with the amplitude of
the noise generator.

The calibrated noise source is shown in Figure 2.7 as a noise voltage

generator in series with the resistance Res.

Rs Qvni
AR .
Amplifier
Qung <>< Calibrated Z Quno
Noise
Generator —O

Figure 2.7 Noise generator method for noise measurement.

First, we measure the noise at the output, Q.. with the generator Q,,, connected at
the input. Second, we measure the noise at the output, Q... without the noise

generator at the input.
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Qbr = A (Qy + Q) (2.26)
and

Qunoz = A7Qun (2.27)
where A,; is the transfer voltage gain.

From the above two equations, we can calculate A, and Q,.;,

2 N2
A,ZT — QvnolQ : Qvn02 (228)
vng

2 2 2
Q) = Qo s (2:29)
A\/T Qvnol - Qvnoz

Third, we increase the noise voltage of the noise generator Q,, to double the

output noise power,
Qoo = 2Qin0z - (2.30)
By substituting this equation (2.30) into the equation (2.29), we find that the noise

voltage of the noise generator to double the output noise power is equal to the

equivalent input noise of the amplifier,

2 2
Qz _ QvnoZQvng
vni T 2 2
2Qvn02 - Qvn02

= szng . (2.31)
2.5. Carson's Theorem

This theorem was used to derive 1/f noise equations due to heat conduction
in Chapter 5. This theorem is summarized here for readers convenience. The sum
of a large number of independent events Hj(t) occurring at random at the average

rate S is defined as a stationary random variable G(t). An event H(t) starting at
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t=t; can be represented as H(t—ti). If we assume the event H(t) starts only after

time t;, the following equation can be given

G(t)zz H(t-t,) (2.32)

where H(t-t,)=0 fort <t

The Fourier transform y(f) of H(u) is

AE [Hkxp(- joukiy 239

Then, for sufficiently large T

)
a, :%jH(t—ti)eXp(_jw”t)dt
0
. T
- SREIOL) T Gy exp(-
] (2.34)
:MJH(u)exp(—an“)d“

exp(-jot)
- T 7/( fn)

The spectral intensity of a single event occurring at t=t; in 0<t<T is

2y(f,)’
el

S.(f)=2aaT = (2.35)

But there are ST events in the interval 0<t<T and the spectral intensity Sy(f) of
G(t) is

S,(F)= AT, (1) = 24(f ) . (2.:36)

The average value of |y(f )", [(f)° must be used in eq. (2.39) when »(f) may

be different for different individual events
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S, (F)=2B (1) . (2:37)
Thus the spectrum density is twice of the Fourier transform ;/(f ) of H(u) times the

average rate .
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3. NOISE IN SEMICONDUCTOR DEVICES
3.1. Introduction

In the previous chapter topics regarding noises in the circuit and system
level were reviewed. Noises in semiconductor devices will be reviewed in this
chapter. Five main types of fundamental noise mechanisms are thermal noise, shot
noise, generation-recombination noise, random telegraph noise (RTS), and low
frequency (1/f) noise. Thermal noise is the most often encountered and will be
considered first. A special case of thermal noise limited by shunt capacitance
called kT/C noise is also reviewed. The other types of noise are explained in later

sections of this chapter.

3.2. Thermal Noise

The random fluctuations of the charge carriers in a conductor at a
temperature above absolute zero introduce a current fluctuation. Current consists
of electrons randomly moving in the material, and each electron carries a charge of
1.602 x 10 C. Even if the average current in the conductor resulting from these
random motions is zero, there is a current fluctuation that results in a voltage
fluctuation across the terminals of the conductor. This charge carrier movement is
similar to the Brownian motion of particles. J. B. Johnson of Bell Laboratories
first observed the thermal noise in 1927 [3], and H. Nyquist presented a theory on
thermal noise in 1928 [4].

The thermal noise theory is summarized and reviewed in this section. Two

equal resistors R;1=R,=R are connected across both end of a long transmission line
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in parallel. These two resistors are assumed to be at the same temperature T. If

the available noise power generated by R; has a mean square value Q2 , then the

power delivered by R; to Ry is Q_Vzll(4R1). The same amount of power will be

delivered by R, to Ry in thermal equilibrium condition. The transmission line has
length D, and characteristic impedance which is equal to R as shown in Figure 3.1.
The wave velocity on the transmission line is v. If S(f) is the power spectrum of
the open-circuit voltage fluctuations, the mean power delivered by one resistor to

the line in a frequency interval Af is
AP—LS(f)Af (3.2)
4R ' '

After a wave traveling time from one side of transmission line to the other side,
D/v a state of equilibrium is reached in which a mean power AP given by above
equation is flowing from left to right and an equal power from right to left. The

energy in the transmission line associated with Af is therefore

AU = 2P ap = B s()at. (3.2)
Vv 2VR
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v

A

Figure 3.1 Two resistors R in parallel with switch S are connected by means of a

lossless transmission line of length | and characteristic impedance Zo=R.

If the transmission line is now shorted at both ends this energy is trapped as
standing waves. At each normal mode of the line of frequency f, the trapped
energy is

E- M KT if hf <<KT. (3.3)

hf
exp(k_rj -1
where k is Boltzmann's constant (1.38 x 10 W-s/K), T is the temperature of the
conductor in Kelvin (K).
The normal modes of the shorted line are given by
f =nv/2D, (3.4

where n is an integer. Thus if D is large, the number of modes in Af is

n=20P¢ (3.5)

\Y
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an=2P At (3.6)
Y

and the mean thermal energy in Af can be calculated

AU = AnkT =22 k7t (3.7)
\'

Equation (3.2) and (3.7) describes the same energy AU in the line associated
with

LS(f)Af =2—DkTAf.
2VR v

Therefore the power spectrum of the open-circuit voltage fluctuations is
S(f)=4kTR. (3.8)
As shown above, Nyquist's theorem for the thermal noise of a resistance

R at a temperature T led to the following expression for the available thermal noise

power

S, (f ):%=4kTR (3.9)

S, (f )=%=4kT /R (3.10)

where Af is the noise bandwidth of the measuring system in hertz.

A circuit with infinite resistance can not generate an infinite noise voltage,
although the thermal noise is proportional to resistance, since there is always some
shunt capacitance that limits the voltage across the large resistor. Consider the

circuit having resistor-shunt capacitor combination as shown in Figure 3.2.



Q,, =/4KTRAf R L Q,., =/4KTRAT

v
v

Figure 3.2 Thermal noise of a resistor connected in parallel with shunt capacitor.

The thermal noise voltage is proportional to the square root of the resistance,

Q.. =+/4KTR Af . This RC low pass circuit passes low frequency noise from

Q,, to the output noise voltage Q,,,, but significantly decreases higher frequency

vno !

components from Q,,. The total output noise voltage across the capacitor is

TQ 1 jaC
R+1/jaC

0

o (3.11)
=£1+(a)RC)2
KT

L 3.12
Qvno C ( )

Note that the output rms noise voltage is independent of the source
resistance and only depends on the temperature and capacitance. The noise per
unit bandwidth increases with larger resistance but the band width of the circuit
decreases. This noise is called kT/C noise. At a given temperature, this KT/C noise

can be reduced by increasing capacitance. It becomes important in applications
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and gives many design challenges in designing sigma delta analog-to-digital

converters and switched capacitor circuits.

3.3. Shot Noise

The movement of minority or majority carriers in the transistors, diodes,
and field effect transistors due to drift by electric field and diffusion by gradient of
doping concentration contributes to current flow. Each electron and hole carry a
charge crosses the potential barrier of p-n junction. Each carrier contributes to a
pulse of current. Therefore, total current in a device is the sum of these individual

pulses. Fluctuations around the average current | generate S, = 2ql where q is

the electronic charge (1.602 x 107 C). The shot noise current is proportional to
the square root of the noise bandwidth. This means that it is white noise containing

constant noise power per hertz of bandwidth.

3.4. Generation-Recombination Noise
The number of electrons in the conduction band and holes in the valence
band may fluctuate because of generation and recombination processes between
the band and traps. The generation and recombination is significant when the
Fermi level is close to the location of the trap or the center in the forbidden gap.
The number fluctuations cause fluctuations in the conductance G, and, therefore,

in the resistance R [5].

S, Sz Sy (AN)" 47
RTG: NI N? 1rold 619
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where 7 is a relaxation time, characteristic of the trap, usually in the range of 10°
sto 107 s.

The electron traps or donor atoms in the channel of JFET can be a source of the
number fluctuation in the channel if these recombination and generation centers
can capture or release electrons and holes at the given temperature. This

fluctuation explains generation-recombination noise in JFETS.

3.5. Random Telegraph Noise (RTN)

In a MOSFET random telegraph noise based on single electron capture and
emission events at the oxide and substrate interface was reported [6].  Channel
length dependence, or gate bias and geometry dependence of random telegraph
signal in MOS were studied [7] [8]. Fluctuations of the threshold voltage, V1 due
to RTN have been observed in flash memory arrays. The schematic representation
of a flash core cell with an electron trap in the tunneling gate oxide is shown in

Figure 3.3.
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Figure 3.3 Charge trapping and detrapping at the interface of gate oxide and

substrate.
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The fluctuations of Vy are responsible for drain current instabilities between
subsequent memory cell read and verify operations. Drain current versus gate bias

voltage due to threshold voltage change is given in Figure3.4.

A

Log I,

Threshold Voltage Shift

v

Figure 3.4 Drain current change due to threshold voltage shift.

Because of the very small gate oxide capacitance due to the thicker tunnel oxide,
floating gate cell in flash memory shows larger amplitude of threshold fluctuation
than CMOS logic devices. Cell size shrinking under sub 90 nm flash memory
technology shows increases of RTN noises in memory operations. This threshold
voltage fluctuation gives impacts and challenges in designing multi level flash
memory core cell. As flash memory core cell sizes are aggressively scaled down,

the number of stored electrons in each floating gate greatly reduced. A single
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charge trapping and detrapping will induce a significant fluctuation in cell current.

Random telegraph noise in drain current of flash core cell is shown in Figure 3.5.

Low Threshold Voltage
(Trap is empty.)

JULTLIL

Drain Current ]

_, Time[msec]

[a.u]

High Threshold Voltage
(Trap is filled with electron.)

Figure 3.5 RTN noise in drain current.

Stable and fixed cell current at different process corner variation is very critical to
distinguish multiple levels of threshold voltage in advanced multi level flash core
cell. Threshold voltage levels in single bit flash memory, and 2 bit and 4 bit multi

level flash memory cells are given in Figure 3.6.
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#of Cells
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e 06 0 o
[\ Threshold voltage of Cells

Figure 3.6 Threshold voltage in single and multi level flash memory.

Recently, a lot of attention have been devoted to the RTN research in flash
memory cell design. Especially, NAND or SONOS multilevel flash memory cells
are under intense research because multi bit per cell is the most efficient way to
reduce cost per each die and to overcome the limitation of cell size scaling down.
The cross sections of NAND flash memory and SONOS flash memory core cell

are given in Figure 3.7 and Figure 3.8 , respectively.



33

Bit Line Source Line
x/ N
\\ |
s s Y H
N N [ A A N AN e N (o
_L{ O U U U U U U
n+ Diffusion p-Well

n-Substrate

Figure 3.7 NAND flash memory core cell.

Gate

Oxide

Drain
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Figure 3.8 SONOS flash memory core cell.

Developing model for the description and quantitative assessment of the threshold

voltage variation due to RTN in flash memory arrays was reported [9].

Statistical study to predict the probability for random telegraph noise fluctuations

and spectroscopic analysis of the defects contributing to RTN was presented [10].

To model the time behavior of the RTN waveform, a stochastic evolution of a two-
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state Markov process was considered under the reasonable assumption that

trapping and detrapping dynamics are not history dependent [11].

3.6. Flicker Noise or 1/f Noise

The spectral density of low-frequency or 1/f noise increases as frequency
decreases. The noise power typically follows a f ™ characteristic with « usually

unity, but has been observed to take on values from 0.8 to 1.3 in various devices.
Unlike other noise sources mentioned above, which are well understood, the origin
of the 1/f noise is still open to debate.

Since 1/f noise power is inversely proportional to frequency, it is possible
to determine the noise content in a frequency band by integration over the range of

frequencies. The result is
=D j (LI In (3.14)

where Py is the noise power in watts, @ is a dimensional constant also in watts,
and f; and f, are the lower and upper frequency limits of the band being considered
In 1969, Hooge [12] had postulated the relation

Sk _ @y
RZ N (315

in an effort to systematically collect data on 1/f noise from the literature. The only
theoretical idea behind the relation was, that whatever the electrons do when

producing 1/f noise, they do it independently. Thus, «,, is a normalized measure
for the relative noise in different materials, at different temperatures, etc. o,

takes 2 x 107 as an average value, but it depends on the quality of the crystal, and
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on the scattering mechanisms that determine the mobility . The near constancy
of «,, suggests that this 1/f noise is due to fundamental mechanism of unknown
origin; this is useful information that will be found to be valid in other situations
as well. It is now generally conceded that «,, is not a universal constant but can
be 2 or 3 orders of magnitude lower in perfect material than the 2 x 107 originally
proposed and can be several orders of magnitude smaller than 2 x 10 for short

devices.
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4. 1/f NOISE OF GaAs RESISTORS ON SEMI-INSULATING
SUBSTRATES
4.1. Introduction

The solution to this problem, 1/f noise of devices on semi-insulating
materials has been suggested by the equivalent circuit techniques of C. T. Sah
[14], [15]. These equivalent circuit concepts have been able to reproduce a
number of very elegant solutions to difficult problems in conduction in
semiconductors and frequency response [16], [17]. These techniques have been
applied most recently to develop a theory for the 1/f noise of semi-insulating
materials [18].

A distribution of R-C time constants [19] or distributed RC line [20], [21]
has previously been suggested as an explanation of 1/f noise. The equivalent
circuit technique gives such a distribution of R-C time constants and distributed
RC line and relates these directly to parameters of the devices. The semi-
insulating substrate is represented by a distributed transmission line and
parameters of the line determined by the characteristics of the substrate [18].

GaAs resistors fabricated on semi-insulating substrates [22] exhibit large
amounts of 1/f noise at low frequencies. GaAs MESFET’s fabricated on semi-
insulating substrates are another obvious application of this analysis and the case
of most practical interest is that with the FET biased in the saturation region [23],
[24] resulting in current injection into substrate, a disturbance in the substrate and
consequently noise. Even without current injection the substrate will have thermal

noise, at very low frequencies just given by the Nyquist formula and the resistance
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of the substrate [18]. The cases where there is just thermal noise of the substrate
have not yet been treated in detail and will not be considered here.

This report gives an alternative analysis of published data on GaAs
resistors with large applied bias [22] and consequently current injection into the
semi-insulating substrate. Since there is some question about the experimental
procedures regarding substrate contacts in the original report [22], we have also
made our own measurements on implanted GaAs resistors with and without

substrate contacts and have included these here.

4.2. The Theory of the 1/f Noise of Semi-Insulating Materials

The basic background material for the case where there is current injected
into the semi-insulating substrate has been given elsewhere [18] but will be
repeated here for convenience of the reader. The semi-insulating substrate is
represented using equivalent circuit techniques and there is current injection into
the very high impedance and resistance of the substrate. The case where there is
no current injection or just thermal noise is not considered here [18]. Figure 4.1
shows in each volume element, dx, the elements C, and R, associated with the free
carriers. The resistance R, is large and above the dielectric relaxation frequency is
significant, and C, represents the capacitive effects associated with the
redistribution of carriers. Then where all symbols have their usual meanings [14],

[16]-[18]
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R = X 0 (4.0)
" qunA

2
c, =31 NAX E?dx F (4.2)

The equivalent transmission line problem for the impedance seen looking into the
semi-insulating material is shown in Figure 4.1. In this case both the characteristic

impedance and propagation constant are both complexes, neither being real nor

imaginary,

z R
Z = &= | .
° Y joC, (43)

KT

, _ 1 (Eﬂ T o (4.4)
° VJio | u gnA '
ydx=JZY =[joC R, dx (4.5)

For a short line of length I, where the sample is small in the extent or DC

frequency the sending end impedance is,



39

00
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Figure 4.1 Transmission line problem for current injection into semi-insulating

<
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material.
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Figure 4.2 Mean square noise voltage due to current injection into semi-insulating

material.
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Z=2Z tanh(y1)=Z, 71 Q (4.7)

which simplifies to,

qunA
or just the DC resistance of the sample.

Z=7,=R= Q (4.8)

For long lines of larger extent or frequencies above DC then sending end

impedance of this lossy line is just

7-7 =% g (4.9)

(0]
7l
If as shown in Figure 4.1 we now inject a DC current | into this semi-insulating

material, there will be a shot noise source with mean square noise current

(T 1 7 S —— A’ (4.10)

This mean square noise current will result in a mean square noise voltage at the

point of injection;

v2=i2|Zf —emmmmm e v? (4.11)
2
_ M (4.12)
ral
and since
| Zpe = Vie (4.13)
and

Voe ﬂ_V_d_l_
o)== (419
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this simplifies to

@,

) (4.15)
w

vi=2(“Tyqar 2, (
q
at the surface of the sample for frequencies higher than the reciprocal transit time
as shown in Figure 4.2.

These above results show 1/f noise due to fluctuations of charge and
potential inside the high impedance semi-insulating material. The lowest radian
frequency, ., is just the reciprocal of the transit time in response to the thermal
voltage, kT/g. Injecting current into high impedance semi-insulating materials
with a large DC voltage drop across them will result in large mean square 1/f noise
voltages.

The results are directly applicable to GaAs resistors on semi-insulating
substrates [22]. The normal leakage current and at higher applied voltages impact
ionization and multiplication of carriers in the drain region at higher drain voltages
will result in non-trivial substrate currents being injected into the semi-insulating
substrate. Large mean square 1/f noise voltages will result which will backgate the
resistor channel and be amplified by the backgate transconductance of the device.
This problem is of course very similar to the substrate current and backgate
transconductance in MESFET’s [23]-[24], except they are usually very short

channel devices and operated in the saturation region which considerably

complicates a detailed analysis.
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4.3. Application The Theory of the 1/f Noise of Semi-Insulating Materials to
GaAs Resistors

The device, GaAs resistor is in Cr-doped p-type semi-insulating substrate.
The typical value of the doping concentration is of the order of 10*" cm™. The
chromium introduces a unique deep acceptor level. Most of the Cr atoms are
active in semi-insulating GaAs up to concentrations of the order of several 10"’
cm®.  Martin et al. [41] worked on compensation mechanisms in GaAs and
showed Shockley diagram corresponding to a semi-insulating GaAs with a given
concentration of the deep Cr acceptor and the deep donor EL2, with or without
shallow donors. Figure 4.2 shows the diagram and Fermi level of semi-insulating
GaAs. The figure shows the concentration of chromium, of the deep donor EL2,
and shallow donors. The chromium concentration was determined from optical
absorption measurements, but the concentration of EL2was approximated. The
Fermi level is located between EL2 and Cr in Figure 4.3.

The 1/f noise phenomena associated with thin-filament resistor structure in
GaAs such as shown in Figure 4.4, can now be calculated. The DC leakage and

substrate current being injected into the semi-insulating substrate behind the GaAs

filament produces backgate noise voltage as in equation (4.15);

VE = 2(%% Af R(%) ————— V2 (4.16)

where

R4 O (4.17)
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where q is the carrier charge, k the Boltzman constant, T the temperature, R the
low frequency DC resistance of the substrate behind the device,  the radian
frequency, oc = 1/t the reciprocal of the transit time of the carriers, d the
thickness from the backgate contact to the depletion region, p the mobile charge in
the substrate, Hp the hole mobility in the semi-insulating substrate, and W and L
are the width and length of the channel, respectively. The thickness of the semi

insulating sample, d, is now the transmission line length, I. This backgate noise

voltage is then amplified by the backgate transconductance, Imbg-

iZ (kT
%:Z(qu R&(gmbg)z ————— A? | Hz (4.18)
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Figure 4.3 Shockley diagram corresponding to a semi-insulating GaAs. This figure

is from Fig. 9 of Martin et al. [41].
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Figure 4.4 Cross-section of resistor device structure. The voltage, V develops

across the substrate of thickness, d due to leakage and substrate current.
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By applying small-signal backgate bias voltage, ng to the semi-insulating
substrate as shown in Figure 4.4, the variation of the depletion width, W between

n-channel and the semi-insulating GaAs can be found.

2 Egans &0 (Vo +V,
Wd:\/ ous €0 Vo V) cm (4.19)

qN,
where egaAs IS the relative dielectric constant for GaAs, g the dielectric constant,
and Vg the built-in potential in the depletion region. The variation of charge in the

channel,

AQch = AQgyh i,

oW, 2
AQy, = oV, AVyy N, ————— Coul / cm (4.20)
and
W
d gGaAs 80 _____ Cm/V (421)

OV, OGN, W,
In the linear operating region,

o1,  Ecans €

= = Ll ————— S 4.22
gmbg 5ng Wd Qch D ( )
_ Ecans Eo wo
gmbg - Wd lLln VD L S (4'23)

where Ip is the drain current, V| the bias voltage at the drain, and p, the electron

mobility.
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This backgate transconductance, Imbg predicts the wvery high 1/f corner

frequencies being observed [22] when the thermal noise is equated to the 1/f noise

given by equation (4.18) as shown in Figure 4.5;

gmbg

@y ¢ =H(gmbg R) W, ————— rad / sec (4.24)
d

where gy is the drain conductance, or conductance of the resistive filament. The

thermal mean square noise current spectrum is

i2 KT
b 4(—jq 9y ————— A? [ Hz (4.25)
f q
and
wY) d
& &
R Gaaso ,\y = | =2 __ S 4.26
gmbg(gmbg ):[ Wd /un D L] q,up pWL ( )
EomEoiEWd V2 N
gmbg (gmbg R): oA ~ 2 A S (427)

20,  (,4v,) p
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Figure 4.5 Mean square noise voltage spectrum of GaAs resistor. Experimental

data are from Fig. 3 of Tacano and Sugiyama [22].
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The results of equation (4.18) can be explained in terms of Hooge's
fundamental relationship SV:aHVZIfN where V is the voltage across the device, f
and N are the frequency and the total number of carriers, respectively, and where o
H is Hooge's noise parameter originally determined as apy =2.0 X 10-3 [25], [26].

Hooge's noise parameter can be expressed in terms of the device

parameters by using equations (4.16) and (4.23).

2
VE =2 (g—bgj _____ V? (4.28)

(4.29)

where a is the thickness of the channel, and V the built-in potential in the
depletion region.
From equations (4.28), and (4.29), the noise voltage spectrum at the drain is then

Vs Vo

Af TN
CL(KTL V2 g, V1N,
_Z(F)fanD wLd (v,-V)aN, p

(4.30)

———V?/Hz

where N=aNpWL, V is the voltage across the semi-insulating substrate, V=-Vyq,

p=~n;, Vo is much larger than V, then

FYCA) s

2709 JQ, V) p

where Cqh=eGaAs€o/d is the substrate capacitance.
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4.4. Comparison to Published Data
Figure 4.5 shows the experimental results of M. Tacano and Y. Sugiyama

[22] for a 1.3um x 40um x 0.5um (width x length x thickness) GaAs filament
resistor. Equation (4.30) gives the noise voltage spectral density SV( f) = \E/Af :

and has been evaluated at Vp=1V using the parameters in Figure 4.5 and assuming
d=5x10" cm to give the calculated line in Figure 4.5. In equation (4.30) we used
V=5.7 x 10°V, T=300 K, p = n; exp[(Ei-E)/KT] ~ n; = 1.0x108 cm™, Na=1.0 x10*’
cm®, and ecans= 13.2. However, p can be probably much greater than n;, then
V> 2kT/q ~ 50mV. The calculated resistance of the substrate under the device is
9.62 x 10' Ohm. The current through the semi insulating substrate is 5.93x10
A.

The noise spectrum of a GaAs resistor of one particular device dimension
taken from the published literature [22] is plotted as a function of the applied
voltage and is shown in Figure 4.6. It is evident that noise level increases in
proportion to the square of the terminal voltage at moderate drain bias [22]. These
experimental results can be explained at moderate bias conditions by the equations

(4.16), (4.23), and (4.30).
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Figure 4.6 Dependence of noise voltage on drain bias. Experimental data are from

Fig.6 of Tacano and Sugiyama [22].
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We here also calculated, by using equations (4.24), (4.27), and (4.32) as
shown below, the 1/f corner frequency of this n-GaAs filament with an applied

voltage Vp =1.0V.

gGaAsgo:unVI;- V NA
Wy ¢ = 2 K
4gN, L%ad (V,-V) p

————— rad /sec (4.32)

The value of the 1/f corner frequency of the above device is 3.49 x 10° Hz which is
shown in Figure 4.5.

We have assumed here that although the devices are two terminal devices
that they are mounted in a package cavity and that the back plane of the cavity is
grounded. The description of the experiments [22] is not clear in this regard. If
there is no back contact or substrate contact then the substrate current must
forward bias the source substrate junction and all leakage currents flow out
through the source. This will not change the nature of the results but makes the
geometrical interpretation more complex. We have done similar measurements on
MESFET’s where the substrate is grounded [23], [24]. In the next section, we will
present our own measurements on commercially available GaAs resistors showing
that the lack of a substrate contact changes the results slightly but not the
conclusions, a two terminal device does not lend itself to a simple analysis. It is
also evident that (4.30) can predict the dependence of noise on drain voltage
squared as shown in Figure 4.6.

Hooge's noise parameter in equation (4.31) has been calculated and agrees
quite well with the experimental values for low electric fields. The calculated
value of the noise parameter is 2.0 x 10 at T= 300 K. The increase in Hooge’s

parameter at higher bias conditions and electric fields can be explained by (4.31)
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which also shows explicitly a considerable increase in this noise parameter and the
corresponding noise level with high electric fields. This model seems to fit the
published experimental data in [38] at least as well if not better than the quantum

1/f noise model.

Implanted GaAs Resistor
30x48x0.3um(WxLxT)

1.0 x 10 cm'®
q Af =300 Hz

— 3-Terminal with back gate

------- No back gate contact

D JVg=10v

Y

10° Frequency (Hz) 10

Figure 4.7 Measured mean square noise voltage of a GaAs resistor, with and

without backgate contact.
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4.5. Comparison to Our Experimental Results

Given that in the published data on GaAs filaments [22] or resistors it is
not clear whether the devices have a substrate contact, are three terminal devices,
or do not have a substrate contact, are two terminal devices; then we have made
our own measurements on implanted GaAs resistors. It is possible then to measure
these devices both with and without substrate connections as has been done and as
is shown in Figure4.7.

The resistors are just gateless FET channel implants and a normal
component in a commercially available foundry service process available from
TriQuint Semiconductor, Beaverton, Oregon. The particular devices we have
characterized have a normal resistance of 10* ohms at room temperature. The
mean square noise voltage has been measured using a low noise bipolar
transimpedance amplifier and Tektronix spectrum analyzer. The spectral intensity

as shown in Figure 4.7 is,

_Vrf _aHVDZ
CAf N f

5,(f)

Using the previous definitions then

1(kﬂcwb V. N,
oy =—
27 g )Qq (V,-V) p

where  Cqyb (F/cm?) is the capacitance of the substrate under the resistor and Qe
is the implanted charge in the channel (Qen /g ~ 3 x 10" cm™).  Hooge's

parameter has a very simple interpretation. Cgn(kT/q) is the charge developed by
the thermal voltage (kT/q) across the substrate capacitance, and Qgp is the

implanted charge in the channel. Hooge's parameter is no parameter, but rather is
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given by a formula which simply relates the ratio of these two charges with
proportional constant which depends on the voltage developed in the semi-

insulating substrate and doping concentration of the substrate.

4.6. Discussions

We have studied the 1/f noise of resistive filaments in n-GaAs and
compared this to published data and our own experimental data. The equations
derived predict as observed that the noise level increases in proportion to the
square of the terminal voltage. We have derived equations to calculate the product
gmbng and to predict the 1/f corner frequency, the corner frequency calculated
corresponds well with that observed in published experimental results. The
increase in Hooge's noise parameter with an increase in the voltage drop in the
semi-insulating substrate at high electric fields is also predicted. Hooge's
parameter in this particular case, is in reality no parameter, but is given by a
formula which simply relates the ratio of the charge developed by thermal voltage
across the capacitance of the substrate and the implanted charge in the channel
with proportional constant which depends on the voltage developed in the semi-
insulating substrate and doping concentration of the substrate.

These concepts are probably also applicable to other 1/f noise phenomena
which occur in nature, and there may in reality be many analogs in nature.
Basically, the concept is that any natural system of large extent, high resistance
and some capacity when disturbed will respond by generating 1/f noise, due to

their distributed nature.
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5. 1/f NOISE DUE TO TEMPERATURE FLUCTUATIONS IN HEAT
CONDUCTION IN BIPOLAR TRANSISTORS

5.1. Introduction

We have previously shown that any system having a large capacity or
capacitance, large extent and high resistance will respond when disturbed by
generating 1/f noise [18]. This has been demonstrated by finding the frequency
dependent solutions to the diffusion equation using equivalent circuit techniques
[14] [15]. The R-C transmission line which results has been used to describe
charge and potential fluctuations in semi-insulating materials [18], the 1/f noise of
FETs on semi-insulating substrates [42-44] [24] and the 1/f noise of GaAs resistors
on semi-insulating substrates [45]. This type of transmission line is in reality of
course a diffusion line.
Another more direct example perhaps is heat conduction itself described by the
diffusion equation where many materials have a large heat capacity, high thermal
resistance, and significant distances to a heat sink. As a consequence 1/f noise
should be expected and is observed in heat conduction [46]. Bipolar transistors
operating at large power dissipation should be a good example and will be shown
here to be so, significant heat conduction occurs over finite distances with
appreciable diffusion transit times. The temperature of the transistor is only an
average value and there are fluctuations about this average value which can have a
1/f frequency dependence, these temperature fluctuations modulate the base-
emitter junction characteristics and result in a mean square collector noise

current [46].
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The concept of temperature fluctuations about a steady state
nonequilibrium value is not only expected but in itself not new. A textbook
formulation of the problem of frequency dependent solutions to the diffusion
equation has been given by Kittel and Kroemer [47], where they note that high
frequency variations will be strongly attenuated. The problem of noise in resistors
due to temperature fluctuations due to heat conduction through a substrate has
been treated by van der Ziel et al. [48], where they obtained a more or less 1/f
dependence.  More recently, the problem of temperature fluctuations in heat
conduction has been analyzed in the framework of fluctuating hydrodynamics [49]
[50]. What is new here is our treatment of this problem by transmission line

techniques and application to electron devices [46].

5.2. The Theory of 1/f Noise Due to Temperature Fluctuations in Heat
Conduction
The R-C transmission lines previously analyzed [18] are in reality diffusion

lines and potential and currents are described by the diffusion equation;

2
FV_gedV 5.)
O X ot
This is the same type of equation describing heat conduction [47];
A*T OT
a—; =—— 5.2
ox* ot (:2)

where a is the thermal diffusivity, m?/sec in MKS units and T is the temperature.
An equivalent circuit representation can also be made for heat conduction as

shown in Figure 5.1 and 5.2 where for each volume element,
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1
R=1" [K/W -m] (5.3)
C=C,pA [J/K-m] (5.4)

Steady State, DC

Heat Flux = K AAT /d

Substrat :
V. Device ubstrate Heat Sink
d
|
|
I R R R R
I é /\/—|:/\/T/\/_ | v
C C _C C
J — —_— __L -
—1t+ e

L Electron Energy Loss qV

Figure 5.1 Steady state heat conduction model due to power dissipation in a

resistor.
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At Higher Frequencies

I
Heat Flux :

_<_.>_'_£_.

~ R=1/KA R R R .
LA

5 dx >

f

_2 e ~c Tc ¢ ZC=C,pA
Tn

Figure 5.2 The transmission line model showing the resistance and capacitance

associated with heat conduction in the bulk of the sample.

where K is the thermal conductivity, C, the heat capacity, p the density, and A

the area of the sample through which there is heat conduction. The thermal
conductivity K of a material is the rate of transfer of heat per unit time, per unit

cross-sectional area, per unit temperature gradient. The heat capacity C, is the

amount of heat required to raise the temperature of an unspecified mass by one
degree of temperature. Temperature is analogous to voltage and heat flux
analogous to current.

The time invariant steady state, or DC, solution for this line is governed by
the Fourier equation, which in one-dimensional form is expressible as

F = KAd—T W] (5.5)
dx
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where F is the heat flux, and dT/dx is the temperature gradient in the direction of
heat flow.
The total line flux is

flux=K AAd—T : (5.6)

The temperature difference resulting from the steady-state diffusion of heat is thus
related to the thermal conductivity of the material, the cross-sectional area, and the
path length, d (Figure 5.3), according to

(T,-T,) = flux- % . [K] (5.7)

The form of the above equation suggests that the thermal resistance of the entire

structure is given by

(T1_Tz) d
= o T KA [K/w] (5.8)

—/\_/\

T, \
K
Flux
T
/\_/\_
«— d —»

Xa X

Figure 5.3 Heat transfer by conduction through material.
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The thermal conductivity and diffusivity are not independent but are related in a

form which we will later find useful,

a .
—=— (5.9)
K C,p J

The steady state time dependent solutions of this differential equation and
transmission line , of length I=d, in response to a sinusoidal excitation in
temperature T at the sending end of this line are described by the AC impedance
looking into this line, Zs |

At very low frequencies, however, the sending end impedance is just
Z =Z tanhyl~2Z ylI (5.10)
but this is just Rpc. At high frequencies this line is strongly attenuating [47] and

the impedance looking into this long lossy line is just Z,, but

ZO:RDC (5.11)
I
where
7=+2ZY =JRjoC (5.12)

but RC = 1/a from equations (5.1) and (5.2)

and then

Y- \/E , (5.13)
a

Thus we can find simple solutions for the two limiting cases, DC and high AC
frequencies.

Z, (DC) =Ry (5.14)
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Z, (High Frequency AC) =27, = RDIC (5.15)
Y
where
|2
y|=1/ja)— (5.16)
a
Y =wl*la (5.17)
and then
2 2 2
Z|" =Rac 1y 1" . (5.18)

If we now let @, =a/l*, which is one half of 2a/l%or the reciprocal of the

diffusion transit time, then,

2 2
|Zs|2 _ Roc @ _ R?c a (5.19)
1) 1”@
d a1l
Z| = == 5.20
| 5| (K A)Z dZ ( )

5.3. Non-equilibrium Case with Heat Conduction

As is the case with electrical current, which is made up of a large number
of individual events, heat flux is associated with the transfer of energy to lattice
vibrations in discrete elements. We will assume here, as shown in Figure 5.1, that
the heat energy is transferred to the lattice over very short time periods in the units
of Vpc q where Vpc is the applied DC voltage. We are assuming here that the
transit time of the electron through the electron device is small, as is usually the

case. Using Carson's theorem then,
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S, (f)2N|f(0) (5.21)
in which each individual event occurs in a short time then

S, (f)=2NV2.q? (5.22)

But the heat flux is just the mean number of individual units of energy
times the energy associated with each, flux=N g V.., which means the spectral
intensity of the heat flux becomes, as shown in Figure 5.2

S, (f)=2qV,. flux="f2/Af (5.23)

This spectral intensity will cause a mean square temperature variation with spectral

intensity at the surface of the sample given, as shown in Figure 5.2, by
S;(f) =TZ/Af=12(Z," 1 Af (5.24)

Again the solution is simple in the two limiting cases; at low frequencies or DC

then
2
S (f)=TZ/Af = 2qv.. flux| -4 | = 2qv. . Navo.- 9 (5.25)
T — 'n - q DC KA - q DC q DCKAKA '
S (f)=T2/Af —2qV,. AT-0_ (5.26)
T — 'n - q DC KA '
while at high frequencies;
S;(F) =T2/Af = 2qVy. fluxZ,[* (5.27)
— d d a
= 2qV. NgVy— 5.28
q DC q DCKAKAdza) ( )

a |1, v
S, (f)= 2qVDCAT[mJ— (K) -sec (5.29)
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but a/(KAd) can be simplified by using a/Kzll(Cpp) and is just the

reciprocal of the total heat capacity of the sample

a 1
KAd C, p Ad

K/J (5.30)

The spectrum density of temperature fluctuation can also be written as

221

ST(f)::%%(AT) 7. (5.31)

5.4. Application of the Theory of 1/f Noise Due to Temperature Fluctuations
to Resistors
Consider the example of heating a resistive filament and using equation

(5.26) at low frequencies yields

S;(f)= T_nz/Af =20Vpc AT% at low frequencies (5.32)

but the heat flux is

flux=K Aﬁ,ori = AT (5.33)
d KA

VDC I DC

which yields

AT?

S.(f)=T2/Af =2q K2 sec (5.34)

DC

if the resistance varies linearly with temperature

RocT (5.35)
VT

Ino__n 2 5.36
Af - T2Af °° (5:36)

but then,
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V2 AT V' (Voo
no_2gl| =— | | =B< 5.37
af = ( T ) ( | ] (537
and
i =2ql (ATJ A®.sec (5.38)
Af T ' '
note that if AT =T , then we just get the shot noise formula
_2 2
L_Z | A”.sec. 5.39
A =2 (5.39)

In most instances, except filaments in vacuum, AT << T. For resistive filaments

in vacuum the spectral intensity at low frequency is

i2 AT
—n__ gl 5.40
Af q[Tj ( )

and AT >>T . For high frequencies this varies as 1/f and using (5.31) instead of

(5.26) above yields
V2 2a
iy

[V%j (5.42)
i ATV ( a
(T 649

and
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5.5. Application of the Theory of 1/f Noise Due to Temperature Fluctuations
to Diodes and Transistors
Diodes operating under large bias currents can be expected to have
significant power dissipation and heat conduction to the heat sink. This heat

conduction will result in a temperature fluctuation and consequently 1/f electrical

noise.
Area A
P+ n (Np)
Dy /
Current |
) -

Figure 5.4 Forward biased diode with current depends on temperature variation.

Figure 5.4 illustrates a diode forward biased with current. The current in

diode can be represented by this equation

l. =gAn’ WDI\T exp[ qlz/TEBj (5.44)
B



67

where A is area, Dg is diffusion constant in the base, W is base width, Ng is the
base doping concentration, and Vgg is the dc bias across the p-n junction. The
intrinsic carrier concentration depends on temperature because thermal energy is
the source of carrier excitation across the forbidden energy gap. The intrinsic
concentration is also a function of the size of the energy gap since fewer electrons
can be excited across a larger gap. We shall be able to show that under most

conditions n is given by the expression

n? = NN, exp 5 (5.45)
' v kT

where N¢ and N, are related to the density of allowed states near the edges of the
conduction band and valence band, respectively.

Thus the diode current equation (5.44) can be represented by

D -E qVv
| =gA—2—N_N_ex ¢ lex EB | | 5.46
¢ qWNB°Vp(kT]p[ij (5.46)

And we will assume this equation as

| = Bexp(_ 5 Jexp(qvij (5.47)

KT KT

where V¢ is the bias voltage, B is a constant which depends only on the power
laws of temperature, Egq is the bandgap energy, and | is the diode current. Note that
the forward bias voltage is a linearly decreasing function of temperature.  Figure
5.5 illustrates a diode forward biased with a constant current. From the above

equation (5.47) the bias voltage is

Voo = —+—In[—j (5.48)



and

AV =[— 5+VDCJ = k—Tln('Ej (5.49)

Contact

P+
Temperature=T

n epitaxy 1

n+ body

v

Back contact (Heat Sink) T,

Figure 5.5 Diode cross section.
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Current |

Figure 5.6 Mean square noise voltage across the diode due to power dissipation

and temperature fluctuations.
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A mean square temperature fluctuation will result in a mean square noise voltage

_ ,—
V2 E T?
S,(f) = A; =£—TG+VDCJ F (5.50)

and at high frequencies using Eq. (5.29) this becomes

AT a 1 2
S,(f)=2qV ————(AV 5.51
(F)=20V g (av) (5.51)

which has a 1/ w frequency dependence. The temperature increase, AT will be

VI=KAAT/d or AT=V I d/(K A), so

S(f)_E_ZqVZ(AV)ZI a 1 5,52
PUAF T? (K A)* @ '

but note that V is a logarithmic function of | and varies slowly. This means that
the spectral intensity of the noise is, as shown in Figure 5.6, an approximate linear
function of the current and does not vary as the square of DC current. This is a
rather unexpected result in the context of Hooge's expression [51].  These results
are consistent with recent results on diodes [52] which show the spectral intensity
of the 1/f noise varying linearly with the DC bias current. In the case of diodes,
because of their low dynamic or internal impedance, it is easy to drive them with a
constant DC current and then measure the noise voltage across the diode.

If the diode in Figure 5.5 is replaced by a transistor where the transistor
base is by-passed by a large capacitor to keep the base at a fixed potential, the
theory developed above can be applied to bipolar junction transistor, too. Figure
5.7 and Figure 5.8 show the cross section of bipolar junction transistor and its bias

currents.



Emitter Base Collector

n+ n+

Figure 5.7 Simplified transistor cross section of the bipolar junction transistor.
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Figure 5.8 Bias condition of the bipolar junction transistor.

Then the modulation of the base-emitter diode temperature will modulate the

collector current since

|=Bexpl- E /KT +QVp /KT)

dl

(2 (-4 e

(5.53)

B B B 2
7 = BeXR(-Eq /KT +aV 0 JKT).(Eg Tk +aV e 7K).(-1/T2)

2432

(5.54)
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where the mean square fluctuation in temperature from Eq. (5.29) will be

determined mostly by power dissipation in the emitter-base junction, and results in

temperature increase , AT,

s&)= —emmfkl

4%MW%@, where @, = ¢
w

d2

:%(AT)Z.Z.(%} where Flux:ﬁqvDC =V.l, therefore N:l
w

q
- zl_q)(AT){%j
w

This results in a mean square fluctuation in the collector current or mean square

(5.55)

noise current
I _ 2
T KT

2Iq (AT) [ e jAf [le ](%)2 (5.56)

where now

AT Ve |-~ (5.57)



74

is the temperature increase due mostly to power dissipation in the base-emitter
junction, and Vge is the base-emitter voltage. Since the output of the common
emitter transistor is a current source with high equivalent parallel resistance,
measurements on transistors are most easily made of the collector noise current.
This again has the 1/f frequency dependence and is simply related to physical

parameters of the transistor and heat sink.

5.6. Measurement on Light Bulbs, Diodes, and Bipolar Transistors

In order to measure 1/f noise in resistor due to heat conduction, 12v 4watts
light bulb was used as a device under test. The temperature of the light bulb
increased after the bias voltage was applied. The filament in the light bulb was
changed to bright yellow and generated heat. The glass of the light bulb was
painted with silver paint to reduce heat radiation to air. Resistance of the light
bulb was 4 ohms when the temperature of the light bulb was cold. The resistance
was increased to 40 ohms when the light bulb was hot. Figure 5.9 shows simple

diagram of the light bulb and its model.
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Actual Light Bulb

Model
) T
[ AT Heat
/;2:: _ Sink
T—1
I —

12V 4Watts Bulb

Cold R~4 Ohms, Hot R~40 Ohms
Silver paint was coated on glass
to reduce heat radiation to air.

Figure 5.9 Light bulb used for the measurement and its simplified model showing

heat conduction.

The heat sink of the light bulb was cooled down to increase the difference of the
temperature between heated filament of the light bulb and heat sink. The higher
temperature difference can create more heat flux. The noise from the light bulb
was amplified with low input impedance amplifier biased with batteries and
measured by Princeton Applied Research lock-in amplifier. The measurement

setup is given in Figure 5.10.
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Measurement Setup
Vsouree Batteries
Princeton Applied Research
lock-in amplifier
Light Bulb
Low
Impedance
Amplifier
=

Figure 5.10 Light bulb measurement setup.

Mean square noise current being observed when the filament of the light bulb was
heated is given in Figure 5.11. The measured data show noise increase as

frequency decreases.
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Figure 5.11 Mean square noise current being observed when the light bulb turned

on.
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The mean square noise voltage versus current from GelN34 diode was
measured. The measurement was done at 3 KHz frequency and 300 Hz
bandwidth. Large DC current was applied to the diode to generate high
temperature inside the pn junction. The measured mean square noise voltage was,
as shown in Figure 5.12, an approximate linear function of the current and does
not vary as the square of DC current. This result is consistent with recent results
on laser diodes [53] which show the spectral intensity of the 1/f noise varying

linearly with the DC bias current.

LAEL4 |
LR , A
2 :
|
Voo ligeu -
\& 1
BOEDS T Geinz4 .
6.00E-15 - f=3KHz
S00E-5 - BW=300 Hz
_ .
WES g (f):ﬁzzqv (Aav)'1 a1
! Af T? (K A)2 @
0.00E+00 I I I I I I I I 1
D00E+00 5.00E-03 L00E02 150E-02 200E-02 2.506-02 3,00E-02 350602 400E-02 450E-Q2

e [A]

Figure 5.12 Mean square noise voltage measured from diode.
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As a demonstration of the concepts of our theoretical results we took a
simple plastic or epoxy encapsulated common commercial silicon discrete bipolar
transistor.

This device was operated at high currents to generate significant power dissipation

in the device and result in a very high junction temperature.

Batteries

Vee Batteries

Princeton Applied Research
lock-in amplifier

Low
Impedance
Amplifier

- 1

Low-noise type such as metallic resistors with high dissipation ratings
was used.

The base is bypassed to ground through a large capacitor
to maintain a constant base emitter voltage at any given temperature.

Figure 5.13 Experimental arrangement for measurements of the effect of

temperature fluctuations on a bipolar.
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Figure 5.13 shows the experimental setup for the 1/f noise measurement of bipolar
junction transistor due to temperature fluctuation. Here we used npn transistor
with the emitter-base junction to be forward biased and the base-collector junction
to be reverse biased. DC biasing is performed with the help of batteries to get
noise free power supply to the circuit. All the bias resistor elements used are of
low-noise type such as metallic resistors with high dissipation ratings. The base is
bypassed to ground through a large capacitor to maintain a constant base emitter
voltage at any given temperature. The output is coupled to a common base
amplifier with a very low input impedance which acts as an AC short circuit on the
output and drives a Princeton Applied Research (PAR) lock-in amplifier being
used as narrow bandwidth frequency tunable RMS voltmeter. Although the long-
term rms value of noise is a constant, the instantaneous amplitude is totally
random, and therefore the meter jitters. For an accurate noise measurement, we
can smooth the meter fluctuations by averaging over a long period of time.
Averaging was done by using long RC time constant. A small collector resistor is
used to maximize power dissipation in the bipolar transistor. The transistor can be
biased at a high collector current and the RMS noise current at the collector
measured as a function of frequency as is shown in Figure 5.13.

For simplicity it is assumed that the major route of heat dissipation is
conduction through the silicon die to a back plane or heat sink, and it is assumed
this is a heat sink due to the collector wire contact and convection cooling. This is
of course a simplifying assumption, the silicon die is a relatively good heat

conductor but there is not a good heat sink, the encapsulated case becomes rather
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hot to the touch. These simplifying assumptions are made for a demonstration of
concept rather than a detailed description. If the silicon die is about 20 mils thick,
and given the thermal diffusivity of silicon is, a=0.9 cm? /sec, then an estimate of
the radian corner frequency, a/l, results in a frequency of about 349 Hz. Above
this frequency the mean square noise current should be expected to have as
described by Eq. (5.56) a I/f frequency dependence up to the point where the noise
just becomes the mean square shot noise current associated with the DC collector

current, 2 g I Af . Since the junction temperatures become very high the ratio of

the temperature difference, AT , over the temperature, T, becomes not too different
than one and the ratio of the voltage difference, AV, over the thermal voltage,
kT/q, is large or of the order twenty. This latter ratio is, according to the simple
ideal diode equation we are using, independent of temperature and can be
evaluated at room temperature. In a simple model, the voltage across a diode
driven with a constant current is a linearly decreasing function of temperature.
These general features are displayed by the experimental results in Figure 5.14,
and would result in a I/f noise corner frequency of 100 KHz, below this frequency
the noise is I/f noise due to temperature fluctuations in the base emitter junction.
While a detailed calculation has not been made since we are using a commercial
transistor without controlled experimental conditions and well defined heat sinks
the experiment serves as a demonstration of concept in that all of the numerical
values are in the correct order of magnitude.

As the power dissipation and junction temperatures are lowered the I/f

noise due to temperature fluctuations of the bipolar transistor decreases and is



dominated by other mechanisms or as in our case

measurement system.
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Figure 5.14 Noise current spectrum measured on a bipolar transistor with high

power dissipation.
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5.7. Discussions

The equivalent circuit technique is applied to heat conduction, which is
described by the same type of differential equation. It is shown that power
dissipation in electron devices will results in temperature fluctuations which are
frequency dependent and consequently 1/f noise. The results have been applied to
describe measurements on resistive filaments in a vacuum such as in light bulbs
where there is significant power dissipation and heat conduction. Mean square
noise current from the heated light bulb increased as frequency decreased and
showed 1/f noise characteristic. The application of this theory to diode, laser
diodes, and transistors with significant power dissipation is considered. The
measured mean square noise voltage of diode was an approximate linear function
of the current and does not vary as the square of DC current. This result is
consistent with recent results on laser diodes which show the spectral intensity of
the 1/f noise varying linearly with the DC bias current. The theoretical results
presented here and simple experimental results demonstrating the concepts serve
to show that temperature fluctuations in electron devices can result in, and are

another source of 1/f noise in electron devices.
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6. CONCLUSIONS
6.1. Summary

In this dissertation, we have studied the 1/f noise of resistive filaments in n-
GaAs on semi-insulating substrate and compared this to published data. And our
own experimental data were presented. The equations derived predict as observed
that the noise level increases in proportion to the square of the terminal voltage.
We have derived equations to calculate the product gmbng and to predict the 1/f
corner frequency. The 1/f corner frequency calculated corresponds well with that
observed in published experimental results. The increase in Hooge's noise
parameter with an increase in the voltage drop in the semi-insulating substrate at
high electric fields is also predicted. Hooge's parameter in this particular case, is
in reality no parameter, but is given by a formula which simply relates the ratio of
the charge developed by thermal voltage across the capacitance of the substrate
and the implanted charge in the channel with proportional constant which depends
on the voltage developed in the semi-insulating substrate and doping concentration
of the substrate.
These concepts are probably also applicable to other 1/f noise phenomena which
occur in nature, and there may in reality be many analogs in nature. Basically, the
concept is that any natural system of large extent, high resistance and some
capacity when disturbed will respond by generating 1/f noise, due to their
distributed nature.

The equivalent circuit technique is applied to heat conduction, which is

described by the same type of differential equation. It is shown that power
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dissipation in electron devices will results in temperature fluctuations which are
frequency dependent and consequently 1/f noise. The results have been applied to
describe measurements on resistive filaments in a vacuum such as in light bulbs
where there is significant power dissipation and heat conduction. Mean square
noise current from the heated light bulb increased as frequency decreased and
showed 1/f noise characteristic. The application of this theory to diode, laser
diodes, and transistors with significant power dissipation is considered. The
measured mean square noise voltage of diode was an approximate linear function
of the current and does not vary as the square of DC current. This result is
consistent with recent results on laser diodes which show the spectral intensity of
the 1/f noise varying linearly with the DC bias current. The theoretical results
presented here and simple experimental results demonstrating the concepts serve
to show that temperature fluctuations in electron devices can result in, and are

another source of 1/f noise in electron devices.

6.2. Future Work

The theory of 1/f noise of semi-insulating material can be extended and
applied to analyze and describe the low frequency noise in floating gate devices
such as NOR and NAND flash memory. This theory can also be applied to
SONOS type flash memory. This theory can be used to analyze the 1/f noise
characteristic of the earthquake wave form which results from natural system of

large extent, high resistance and some capacity.
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As process technology migrates from 90nm to 50nm, more and more
transistors and other electronic devices can be fabricated on single silicon die. To
meet the specification of many hand held devices, smaller form factor of the
package is generally required. Multi chip package (MCP) is one of the favorable
solutions to this requirement. Dual silicon dies or quad silicon dies are packaged
together and bonded together to the same pins. The significant increase in number
of transistor on a single die and the number of silicon dies in one package can
create high temperature heat inside the package and silicon. The theory of 1/f
noise due to temperature fluctuations can be applied to analyze a noise problem of
devices in the multi chip package. The theory can also be used to explain noise
problems in nano scale devices which are very sensitive to temperature

fluctuations.
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