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Abstract

The d-c. and a-c. characteristics of p-n-p diodes were
measured and interbreted on the basis of present theories.
The equivalent parallel capacitance of these diodes was
found to decrease as f-% at high frequencies. in accordance
with diffusion theory; from these measurements the lifetime
of a hole in the base was estimated to be about 10 micro- |

seconds.

/
/

The current fluctuations in the diode wege measured by
comparing them with a  standard noise diode, and the results
representéd‘as a shunt noise current éenérator. From the
frequency spectrum of the noise it was deduced that it
consisted mainly of excess or 1/f noise except at low
currents and high frequencies, and here the results were
interpreted as a combination of shot and thermal noise.

The deduced hot carrier temperature was compared with the

theoretical values of Shockley and poor agreement was

obtained, indicating inadequacy of the present theory.
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Chapter I -~ INTRODUCTION

1.1 Obiect and Scope of Thesis

The object of this work is to observe and measure
fluctuatfons in space-charge-limited cufrents in germanium
and to interpret these in terms of shot and thermal noise
components. From this it is possible to determine the
effective temperature of carriers in germanium at moderate
electric fields and to compare these temperatures with those

predicted by 3hockley (1951).

The effective temperature is calculated from measurements
of the noise in the current flowing through a p-n-p trans-
istor connected as a diode with the base floating, and from
impedance measuréments of the same diode. To be able to
correlate carrier temperatures with the néise measured, it is
necessary to have a model of the transistor which is in accord
with both the d-c. and a-c. characteristics and in which we
can place noise current generators to correspnd to drift and

thermal motion of the carriers.

1.2 Physical Structure of a p-n-p Transistor

The cross section of a typical p-n-p transistor is shown

in fipgure 1. The base is made of low impurity, high resistivity
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Figure 1 - The Physical Structure of a P-n-p Transistor



material while the emitter and collector are made of high
impurity, low resistiyity material; thus if a voltage is
applied between the emitter and cbllectdr terminals most of
it willlappeér across the_p-n junction space-charge layers

in the base.

Shockley (1949) has derived thé formula for the current

flowing across a single p-n junction,

I =T, .[C'XP(%;?O). - |]~ (1.2.1)
where qQ = the electronic charge,

R = Boltzmann's constant,

T = the absolute temperature of the junction,

V,= the voltage across, the junction, positive for
forward bias, and ,

Ts= the saturation current under reverse bias.

This formula is defived from the consideration of the diffusion
currents of holes and electrons; if the p region is much more
heavily doped than the n region, only the hole current will

be significant. The reverse saturation current in this case

is given by

: - 4 PaDpA . o :
I = s (1.2.2)

where Pn= the normal hole concentration in the n region,
Dp = the hole diffusivity in the n region, -
Lep = the diffusion length for holes in the n region, and
A = the area of the junction.
Tt must be noted that.equation (1.2.1) holds only when the
minority carrier'concéntrations far from the junction have
their normal values. In a p-n-p transistor:the latter condition

is not fulfilled in the n region since the hole diffusion length

in the base is much greater than the baéé'width and therefore
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Figure 2a - A P-n-p Diode with Voltage less than VP°

Neutral Space-charge Region
Region s ‘ :

Emitter Collecton

.Figure 2b - A P-n-p Transistor with Voltage Greater than VP‘



the two junctions strohgly interact (see Appendix.I). The
current that flows in én emitter-collector diode for small
voltages hés been investigated by Gotzberger (1959) who
considers the-variation of effective base width with voltage
and also the effects of'non-planar geometry of the base. These
are discussed more fully in chapter II. As the voltage across
such a diode is increased, thére is a steady increase of |
current and at a certain voltage there is a very rapid increase
of current; this occurs when the effective base width becomes

zero, the corresponding voltage being the punch-through voltage.

1.3 . The Punch-through Phenomenon

If én external voltage is applied between the emitter and
collectqr of a transistor with the base floéting, space~-charge
layers will form in‘front of both junetions. In the case of
a p-n-p transistor, the free electrons in the base are repelled
by the negative collector voltage and a space-charge layer of
positive donor ions forms in front of the collector junction.
That voltage at which this layer just touches the emitter is
calléd the punch-through voltage Vp, and is characterized by
an increase in current due to the injection of holes from the
emitter. Figures 2a and 2b show a transistor with voltages
with léss than and slightly greater than.Vp respectively, and
figure 3 shows the potential distributioﬁ in the base for

various applied voltages.

The punéh-through phenomenon is much more vividly seen

by observing ?he floating emitter potential when a bias is
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Figure 3 - Potential in the Base under Various Applied Voltages



applied between the collector and base. Up to punch-through the
emitter assumes a potential approximately O.l1 volt below that
of the base, due to the siphon effect discussed in section 1l.4.
At the punch-through voltage the floatingemitter becomes
completely locked to the collector with a voltage difference

of Vp . This is observed without deviation until breakdown
occurs and for a p-n-p transistor for Vp&Vew €V 5 +Veb=+VcbtVp
where V p and Vgp are the collector and emitter voltages
measured with respect to the base, and Vg is the collector-base
breakdown voltage; Vp and Vg are both always considered to be
positive quantities. The value of Vp obtained by this method |
may be called the Schenkel-Statz punch-through voltage since

it can be very easily determined using the circuit devised

by them (1954) shown in figure La; a typical oscilloscope

trace is shown in figure A4b.

The value of Vp can be predicted theoretically from a
knowledge of the base width and base impurity concentration;
the integration in one dimension of Poisson's equation across

the base-yields for a uniform impurity density
Ve, = AN 2 (1.3.1)
P 2€

where N = the donor ion density in the base,

€ = the permittivity of the base material, and

W= the base width,
Punch-through can be observed equally well by biasing the
emitter and observing the'floating collector potential; exactly
the same value of Vb is obtained provided that the impurity

density is uniform throughout the base, however, if it is not

uriform, in peneral a different value of Vp will be obtained.
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'In addition, the oscilloscope trace of figure 4b will be
rounded at V@ if the emitter junction is diffused into the

base such as in grown junction transistors.

The current-voltage characteristics of an emitter-collector
diode biased past punch-through have been studied by Nichol

A

(1958); the basic result obtained is that '.l'.<’C(V-V|>)3 where
V is the emitter voltage measured with respect to the collector
and I is the current flowing through the diode. This expression
arises from the product of two terms; the first is the effective
emitter area which is proportional to (V4¢b and the second is
the current density in a space-charge region which has been

studied by Shockley and Prim (1953) and Dacey (1953). These

papers are more fully discussed in chapter 1I.

1.4 Criteria for Selection of Tfansistors

(a) Avalanche multiplication of a current occurs when
electrons or holes acéuire sufficient energy from the field
between collisiong to ionize atoms, thus producing electron-
hole paifs; breakdown occurs at a critical applied voltage.
Experimentally this is noticed as a very rapid ﬁhcreagg in
current for a rélaﬁively small change in the applied voléage.
Miller (1955).observed that the multiplication of minority
carriers coming from the high resistivity side of a p-n

junction followed the empirical form

MV = — (1.4.1)
I -(%)



where M = the current multiplication factor,

V = the voltage across the junction,

Vp= the junction breakdown voltage, and

Z = is a parameter depending on the resistivity and
resistivity type.of the high resistivity side of the junction.

For high resistivity n-type germanium,z=~3.

Miller also observed an empirical relation between the
junction breakdown voltage Vg and the n-type impurity

concentration N ,

B - " -0725 ‘
Vg = 10 x Kfs . N 7 (1.4.2)

3

where Vg is in volts and N in cm ~.

Making usé of equation (1.3.1) for the punch-through
voltage and the relation between the o cut-off frequency f«
and the base width W |

£(= J—'—‘!'\,7]2)2-- _ | (L.4.3)
if the parameters fx;tDp and Vp are known, it is possible
to determine W, N and,Vg and thus determine the multiplication

factor M .

3
-

On the assumption that to avoid avalanche multiplication

effects it is necessary to have (M-l) « (\-ol) where o = IiI

and T is the current through the diode and Ig is the saturation

current of the reverse biased junction, Nichol (1958) derived

from the above formulae that

Vv o 0725 ' 7
S Ol v (W) V< 4xi0

where V, Vg are in volts and { is in sec™L,



3
(b). Since it is desired to study body conduction, it is
necessary that no surface conduction be present. The presence
of surface conduction channels between the emitter and collector

can be determined by observing the floating emitter potential,

before punch-through. The emitter-base potential should be

ep = E% n (1-%)  for l5—';;,-‘--<<—V<; <Vp (Loh.4)

where Vpp and V, are the emitter and collector voltages
measured with respect to the base. Brown (1953) has found that
surface conduction channels will lead to values of \Qb many

times the above value.

1.5 Shot Noise

The two most important types of noise in semiconductors:
are shot and thermal noise. Shot noise occurs in a vacuum diode
or in a transistor and is due to the drift current being
composed of randomly emitted electrons. A spectral density
analysis of the current fluctuations for shot noise yields
for frequencies much less than the reciprocal of the transit

time

SE¢) = 24 |1} (1.5.1)

qQ = the electronic charge,
I= the mean current,. and
§= the frequency.
Deviation from this law can occur when there is space-

charge limitation of the current as discussed in detail by

Thompson, North and Harris (1940-41). The potential distribution
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in é vacuum diode with é.space-charge-limited current is shown
in figure 5a; it can be readily seen that if at any time a
larger number of electrons than average is emitted from the
cathode, that this will cause a lowering of thé potential
minimum V,, and, since the electrons are emitted with a
Maxwellian velocity distribution, fgwer than average will be
able to pass through the lowérede . In a similar manner, a
smaller emission rate increases Vjp and increases the fraction
of electrons passing the potential minimum. It is easy to see
that such a process will lead to a reduction of the noise due
to the random emission rate of electrons from the cathode. In
a diode where there is no space-charge limitation, there is
no M& and all the emitted electrons go to the anode; such a
diode is said to be saturated and it shows full shot noise.

In general then

S = 2qiTir® . (1.5.2)

where [= the space-charge reduction factor,
F=1 for a saturated diode, and
<1 for a space-charge limited diode.
In practice it is possible to realize a " as low as 0.2

in a vacuum diode.

In a solid such as germanium, the situation is quite
different; the electrons or holes undergo frequent collisions
with the lattice vibrations, phonons, and for moderate
electric fields, the velocity distribution of the current
carriers is Maxwellian, with a comparitively small drift

velocity superimposed
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of the Base of a P-n-p Diode



p (D) -(lm_ /'- exp{ (e va)z} . (1.5.3)

where p6ﬂ==the probablllty density of carriers with velocityf?,

= the mass of a current carrier, and

d" the drift velocity.

The motion of a hole through the base region of a p-n-p
transistor with the base depleted of majority carriers will
appear similar to the example shown in figure 6. This situation
is gnite different from the vacuum diode in two respects; |
firstly the electric field is mainly due to the positive donor
ions, and the holes contribute only close to the emitter;
secoﬁdly the motion of the holes is mainly-thermal and the
eléctric field.has only a minor effect on it. It is thus
unlikely that.small variations in the potential minimum will
have sufficient effect on the hoies’to reduce shot-noise
appreciably, since the coop%rative action of the potential

fluctuations will be destroyed by the randomness and frequency

of the scattering process.

4

1.6 Thermal Noise.

Thermal noise currents occur in any substance and are
caused by the thermai motion of the free carriers, The spectral

density of the current fluctuations in a passive network is

given by Nyquist's theorem,
SE) = LRT G | (1.6.1)

where k= Boltzmann's constant,
the absclute temperature of the network, and

GH)= the a-c., conductance of the network at frequency §.



Shockley (1951) has predicted that in germanium with an
applied electric field, that the free electrons will not be
in thermal equilibrium with the lattice, but will have much
higher velocities than those given by the Maxwell distribution
at the lattice temperature. The thermal noise due to these
electrons can obviously not be evaluated on the assumption that
the electrons are at the lattice temperature so it is
convenient to ascribe to the electrons a value of temperature
higher than that of the lattice, and in Appendix II it is

.

shown that the appropriate noise temperature is given by
. 2 |
ETh = w(W*-T") (1.6.2)
where = the mass of a carrier,
W= the velocity component of a carrier in the direction

of the field, and

Th= the effective carrier noise temperature,

The mechanism leading to such a behaviour is briefly this
that the c;rriers acquire energy from the electric field
between collisions, and that they are unable to dissipate all'
this energy during a collision. The carriers gain more and more
enersy until they are on the average able to lose as much
energy during a collision as they acquire betwgen collisions.
THeVShockley paber and other relevant succeeding ones are more

extensively reviewed in chapter II,

The noise in a current through a rectangular homogeneous
v
solid with a uniform electric field distribution is evaluated

in Appendix II and found to be

10
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SH)= 4kTnal) + 2q )1 (1.6.3).

where the noise temperature Tn is given by equation (1.6.2).
Thus it is seen that the noise can be divided into shot and

thermal noise components, and that these can be discussed

separately.
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Chapter II =-- ‘REVIEW OF PREVIOUS WORK

2.1 Diode Current for V<Vp

The current in an emitter-cdllector diode for voltages
less than the punch-through voltage has been studied by
Gétzbérger (1959). The current in such a diode with the
collector reverse biased is‘equal to

T/ = _Leo (2.1.1)
co | — o¢
where T¢o is the reverse saturation current of the collector

innection and « is defined as-—ag& under common- emitter

L,
operatién,l‘e and T¢ are the cur'r:nts entering the emitter and
collector respectively. The above relation can be very easily
derived by ponsjdering the base current of the transistor; the
latter consists of the fraction 0—“) of the total curreﬁt
entering the emitter, and the current —I¢o entering the
colléctor.,Since in the diode connection the base is floating,

/
the total base current must be zero and (I—N)ICO =Tco ;

equation (2.1.1) follows immediately.

"~ Since the fraction of carriers emitted by the emitter thét
are lost in the base due to surface recombination is equal to
the ratio of the base widthW to the diffusion length Ls of the
carriers in the base,(me:-{%- and the following equation is
obtained for the total current: |

/ Le
I“ o WS Ico (2.1.2)



Since no recombinatiqﬂ can occur in the space-charge
region in front of the collector, the value of W in equation
(2.1.2) should be reduced accordingly. Using the condition that
the integration of the electric field over the space-charge

region gives the applied voltage V yields

1. = Lele ! (2.1.3)
W . l_J\VVP

Since this formula did not agree with experimental
obser&ation Gotzberger suggested that a further correction due
to non-planar geometry was needed and that a non-uniform
base width would lead to é punch-through voltége varying
across the base. He proposed as a model of the transistor,
two transistors with different base widths in parallel; this

model gave

A Az
T' = Lele {__l__ + _ﬁ_} (2.1.4)
CTOWA U-WR, 1V,

where.A, and A,_are the areas of the two transistors with

punch-through voltages VP; and Vp, ; also A= A+ Ay,

A most interesting case occurs when one of the jpnctions
has a projection into the base; such a projection will be
accompanied by a very small area and a small punch-through
voltage.. In such a transistor the current will be determined
mainly by the larger area transistor until the punch-through
voltage of the spike is reached. At this voltage the current
will increase very rapidly, and most of the current will occur

at the spike.

Equation (2.1.4) is illustrated graphically in figure 24

13
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where a fit is made to current-voltage characteristics

obtained experimentally.

2.2 Diode Current for V>-VP 3

Space-charge limited currents in germanium have been
studied by Shockley'and Prim (1953), Dacey (1953) and Nichol
(1958). o

Shockley and Prim analysed an n-i-n diode, and assuming
that the drift current was much greater than the diffusion

current, they obtained for the current density

- v
T = ALie (2.2.1)

where V= the applied voltage,

W= the base width, and .

o= the electron mobility in the base, assumed to be
independent of the electric field.
Shockely and Prim also analysed a p-n-p diode, including the
effect of the fixed donor charge density of the base, and again
assuming the mobility to be field independent. This gave for

high applied voltages a result similar to (2.2.1), but at lower

voltages the current decreased more rapidly and for V&Vp ,J=0,

The effect of the variation of mobility with field on the
above models was considered by Dacey (1953). lhe current density
in a p-i-p diode with a field dependent mobility, K «<F ; was
found to be proportional to‘V%a‘for voltages much greater than
the punch-through voltage. For smaller voltages and current

densities the effect of the fixed charge in the base, which can
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never be completely eliminated, was not neglected and the
Shockley and Prim results used. Good agreement between

experimental and theoretical results was obtained.

Since the field in a p-n-p diode varies over a wide range
across the base, Nichol (1958) considered the following velocity
field relation which approaches the constant mobility case for

low fields and the constant velocity V; at high fields;

v = HF (2.2.2)

where U = the carrier drift velocity,
F = the electric field strength, and
Mo= the zero field mobility.

Applying this to the p-n-p diode gives for the field distribution

_ (2% l} Elly -~ (2.2.3)
_{w”mxﬁuc/w:\/z 3
and for the current-density voltage relation
_ y
wWtT 2c ([ W3\?
V-Vp = + ,] (2.2.4)
P Zéua 3 (GP") :r

where C is a dimensionless parameter which: varies slightly with
the current density, and X represents the disténce across the
base from‘the emitter. A value of €= 1.3 gives less than iO%
error over a fleld range of 500 to 14,000 volts /em, and the
limiting value of C for low fields is 2% For the transistors
used the two terms in (2.2.4) were equal at a current of 30
milliamperes: at lower currents the second term was predominant
and at higher currents the first term was predominant.

QFo

For current densities the above equations

give



F=2%o 4 c/—"‘-;- Jx (2.2.5)

and
7= 1 8w3 <\/—Vp) | (2.2.6)

However to relate the current density to the current, the
former must be multiplied by the effective area of the emitter.
To explain his results, Nichol found it necessary to assume
that the space charge region touches the emitter as a sphere

touches a plane, the effective area was found to be

A = (Vv=V YW 2.2.7)

Combining this with (2.2.6) yields for the total current

T= AMele (y_y,)* (2.2.8)

8V w

For a transistor with non-planar geometry, an additional
current will flow from that part of the emitter which is not
in contact with the space~charge region, this current will be

‘

a diffusion current such as discussed in section 2.1.

2.3 3hockley and Hot Electrons

There are two problems considered by Shockley (1951) in
evaluating the equilibrium state for electrons subjected to an
electric field in germanium. They are the physical mechanism of
the interactions between electrons and phonons, and the

condition at which a steady state exists.

16
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A phonon is.a quantum of enefgy of one of the normal modes
of lattice vibration, and in the diamond type lattice of
germanium there are two different typeé of modes characterized
by different frequency wavelength relationships. The acoustical
modes are characterized by the relation AV=S where A and ¥ are
the wavelength and frequency respectively; s is the velocity of
sound and deviates from a constant only at wavelengths of the
order of the interatomic disﬁance. The optical modes are
characterized by a frequency'V,,F> which is very nearly independ-
ent of wavelength. Since the energy of an optical phonon in
germanium is hv°f’= ETop where ToP=.5200K and k is Boltzmann's
constant, the probability that a particular optical mode is

excited is small for a lattice at room temperature.

Shockley first considers collisions between electrons and
acoustical modes oﬁly; the mechanics of a collision are
calculated by using the laws of conservation of energy and
momentum, By considering the various transition probabilities
he shows that the scattering of electrons by acoustical phonons
is analogous to the scattering of a small electron mass m by a
large equivalent phonon mass M= % , moving with a thermal

energy appropriate to the lattice temperature T, . The average

energy gain per collision for an electron with an initial

2 .
momentum P, is (i£¥ik-%a- . Assuming the electron velocity
0 -]

distribution to be Maxwellian with an r.m.s. velocity Vg, the
average rate of energy gain of an electron due to phonon
interaction is

dE) _ 8 wms? _(E
(dt)h = I m“;—“iil (J‘LT)’“} (2.3.1)
phonons
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where { , the mean free path,and «.=J2®Te  have been introduced.
' ’ U;' m

The electfon‘acquires energy from the field F at a rate

dE - an
dt)ﬁad = qu F (2.3.2)
where Uy is the drift velocity.

In the steady state the average rate of energy change of an
electron must be zero, and (2.3.3) is obtained when this
condition is applied to the previous equations.

% =(%)1=%{I+{I+%F("%E)l}v”} | (2.3.3)

where the zero field mobility Mp is introduced and Tge is the
effective electron temperature defined by |e'l"e=-':-,_-"'\\l'ez . This
gives two limiting forms for the drift velocity and effective

electron temperature:

| 2
for F «F oy = UF Te _ F
o s Y4 Ho T "f'( o)
’ (2.3.4)
for = Te - F
F>F, » vy poJr—r;, = = E
where F, is the field at which the two limiting forms for the
)
drift velocity are equal, F, = ﬁ-(-g%)/z-
. (-4

These results agrée qualitatively with the experimental
mobilities obtained by Ryder (1953), Arthur Gibson and Granville
‘(1956), and Larrébeé (l959),ﬂbut the critical field F, at
which the drift velocity changes froﬁ an F law to an F%Llaw, is
observed to be tﬁfee times greater than predicted. Shockley
attribuﬁes this discrepancy to the fact that the electron mass
is not single valued and shows that this leads to a greater

)



efficiency of energy transfer and a constant mobility up to

higher fields.

Since the optical modes are almost unexcited at room
temperature, they cannot give energy to the electrons, however
they can absorb enérgy. This can only occur when an electron has
a kinetic energy greater thanh\{,P , the energy of an optical
phonon, a situation‘which rarely occurs at low fields. In an
electric field highvenough so that an electron gains an energy
h%P between collisions, optical mode scattering becomes very
important and is very much more efficient than acoustical mode
scattering because of the much larger energies transferred,

A simple analysis, assuming that an electron is accelerated
from rest until it gains an energy.hl’,P and then loses it to

an 4ptical mode, leads to a drift velocity:independent of the

|
electric field, Vy= (%’-’3‘3)/& .

Such a simple treatment completely neglects acoustical
mode scattering, the relative mean free paths for acoustical
and optical mode scattering,,and the probability that an
electron may acquire more-energy than hnq> before being
scattered. Shockley conéiders these in a more general analysis
‘which predicts a constan@ mopility at low fields, a drift
velocity proportional to F%Lat intermediate fields, a saturaﬁiqp
drift velocity at high fields énd a further increase in drift
velocity at e&en higher fields. By using an experimental value
of the low field mobility and adjusting the velociﬁy of sound,
Shockley obtainé good numerical agréement between .his theory

and experimental data for .the drift velocity up to a field of

19
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30,000 volts/cm. He estimates the effective electron temperature
to bé LOO0OK at this highest field and 1000°K at é field of *
S,OOO volts/em. It should be noted that these temperatures are
three times lower than those predicted by equation (2.3.4), thev
~difference being due to the inclus;on of the optical modes as

a scattering mechanism,

2.4, Further Work

A review of recent theoretical and experimental work on

warm and hot electrons is given by Koenig (1958).

The energy distribution function for electrons in
germanium was calculated by Yamashita and Watanabe (1954) for
acoustical mode scattering, and the analytical expression

obtained was the Pisarenko distribution

N(E) = No- EV’~ (E%+p)P e_xp(—ffo (2.4.1)

where Np,= a constant,
-E = the electron energy,
To= the lattice temperature, and

p= 2 2
bmsikT,
where = the electronic charge,

= the mean free path at low fields,
mr= the effective mass of a conduction electron,
S- the velocity of sound, and
Fe the electric field strength.
Using the experimental value for the zero field mobility,they
calculated the proportionality constant between p and Fl'and
subsequently the mobiliity at higher fields. The results were

in substantial agreement with those of Shockley. The noise
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temperature to be expected'on'the basis of these resﬁlts is
calculated in section 4.3. Yamashita and Watanabe also consider
the effects of optical mode scattering and obtain results in
good agreement with Shockley; their consideration of the effects
of impurity scattering indicate a redudtion in the critical
field for large impurity concentrations at which the mean free
path due to the impurities is of the same order of magnitude

as that due to phonons.

Frohlich and Paraniape (1956) showed that when the free
electron density is sufficiently large that inter-electronic -
collisioné deterﬁine the velocity distribution function which
will be Maxwellian displaced by the drift velocity in the
direction of the electric field. On this basis,'Stratton (1958)
calculated the velocity }ield relation for germanium at room
temperature and obtained good agreement with the experimental
results of‘Arthur,Gibson and Granville (1956). The main
difference between éhis analysis and the previous ones is that
the effect of the optical modes is considered for fields ag

whjch the mean electron energy is less than hR? .

Gunn (1957) considers the effect of optical mode scattering
with a simple model, based on Sﬁockley's elementary treatment
which leads to a drift velocity independent of the field. The
model is that an eiectron always moves in the direction of the
applied field with the following probabilities of being
scattered:

O for W < VUop

2.4.1)
a (‘*‘ U?:p)b for w > Vop (
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where & and b are constants, w is the electron velocity and
'}§P== (QJ%%!)%L. The value of b is related to the effectiveness
of the optical modes as a scattering mechanism; a value of b>|
means that as soon as an electron reaches an energy h\%P, it is
scattered and starts again from zero energy. Clearly in this

case the drift velocity and mean square velocity are given by
Y = 2
ug= Fvep and W =Logt (2.4.2)

Gunn calculates the drifﬁ velocity for non-infinite values of b,
and finds that this gives a rise in the drift velocity at high
fields. The mean kinetic energy of an electron is then
E=imI1 =—'3-hVaP , for b->ao, and if the effective electron
temperature is defined in analoéy to that for a Maxwell
distribution, —E-=—;'LbTe for one dimension, the value Te = %h%f
is obtained. Substituting the value-}ngﬁrkﬂbp and T;P = 520°9K

yields Te = 340°K.

It should be noted ﬁhat in this model thé results are
quite independent of the lattice temperature whereas the
experimental results of Ryder (1953) show that the saturation
drift velocity decreases with increasing lattice temperature.
The effective electroﬁ temperature is in sharp disagreement
with that predicted by Shockley (1951) and Yamashita and
Watanabe (1954) of about 4OO0%K, In section 4.3 it is shown that
when the effective noise temperature is considered the

disagreement is even greater.
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Chapter III ~- EXPERIMENTAL INVESTIGATION

3.1 Selection of Transistors

The transistors chosen for this study were subjected to
tests for avalanche multiplication, inhomogeneity of the base
impurity density, and surface conduction. Since it was desired
to have transistors with step. junctions and not diffused
sunctions, so that the base would be homogeneous, only alloy
junction -transistors were chosen. The Schenkel-Statz punch-
through voltages were measured and only those transistors
which were symmetrical with respéct to emitter and collector
were chosen; transistors with poorly defined punch-through
voltages were rejected., The method used to determine the extent
of avalanche multiplication was ﬁhat devised by Nichol (1958)
based on the work of Miller (1955) and the resulting criterion
used was that (Vp/Va) < 0.1, where Vp is the collector breakdown
voltage. The Bréwn (1953) test was used to determine the extent
of surface conduction. The floating emitter potential was
measured and compared to the value obtained from equation (1l.4.4)
using the measured value of X, only those transistors which

showed good agreement were chosen.

The only transistor type which was found acceptable in all
these respects was the General Electric 2N137, and individual

units were selected to meet the Schenkel-Statz and Brown tests'!

requirements. Typical values for the 2N137 were \4>= 6.0 volts,
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24

Vg = 60 volts, o« = 0,98, and a floating emitter potential of

0.10 volts. °

The dissipation coefficient in air for these transistors
according to the manufacturer's data is tyéically 0.6 °C per
milliwatt, which at typical operating conditions of 10 volts
and 5 milliamperes, would lead to a temperature rise of 30 ©C!
'It was thus found necessary to perform all the expefiments with
the transistor immersed in oil and with copper fins attached to
all three leads. A thermometer in thermal contact with the base
lead indicated a temperature rise of no more than 1°C under

extreme operating conditions.

3.2 D-C. Characteristics

The emitter-collector d-c. current-voltage characteristics
were measured with a milliameter and a high impedance voltmeter.
Figure 7 shows a tybical curve, which could be divided into two
distinct regions of voltage. For voltages greater than the

punch-through voltage it was found that -
2
T < (V-VYp) o (3.2.1)

and for voltages below punch-~through an empirical expression

for the current was discovered to be

I-I,. <V (3.2.2)

where I, was a constant. Equation (3.2.1) was in agreement'with
the results of Nichol (1958) except for the proportionality

/

constant. !
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3.3 °~ Low Frequency A-C. Characteristics

A Wheatstone type bridge was constructed for the
measurements of ‘the a-c. admittance of the emitter-collector
diode between 1 ke¢/s and 500 ke¢/s. Available commercial
equipment could not be used since a very large condenser of
about lOOO/uF‘would be neededto bypass the d-c. supply for the
transistor. To avoid this problem, the d-c. supply was
incorporatéd'in the detector arm of the bridge, where it could
not affect the balance. The circuit is shown in figure 8 and
was found to have éxcellent seﬁsitivity at the high'frequencies
but was insensitive to capacitance chaﬁges below 20 ke¢/s. An
6scilloscope was used as the nﬁll detector, the horizontal
sweep being suppliéd directly from the oscillator. For a.linear
device such as a resistor as the unknown the trace.on the
oscilloscope was an ellipse, which became a horizontal line at
the null pbint; for a non linear device such as a transistor,
the second»harmonic.élso appeared and a symmetrical figﬁre-of—

eight indicated the balance point.

It waS fbund that without the very carefully planned
shielding shown in the diagram the oscilloscope trace was
blurred due to 60 cps. pick-up and that it was impossible to
obtain é null. The limit on the sensitivity of the bridge was
placed by.the gain of the oscilloscope and small amounts of
stray pick-up which oécurred in spite of the shielding. The
former limit was necessitated by the non-linearity of the
transistor, because éven small signal voltages displaced the

d-c. operating point of the transistor; this was observed by
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a chahge in the current and the appearance of higher harmonics
on the oscilloscope. Care was taken to ensure that no
appreciable displacement occurred; this Qas found to be very
exacting at the lower currents, and in some cases meant that

only one significant figure could be obtained.

The capacitance zero of the bridge was determined by
substituting a carbon resistor as the unknown. For the range of
frequencies used in the experiments, the overall variation was
less than 200 pf., which was almost entirely due to the
Shallcross resistance box used; the variation was less than

20 pf. between 20 and 500 kc¢/s.

The accuracy of the bridge was better than 5% over the

resistance and capacitance ranges used.

3.4 High Frequency A-C. Characteristics

The diode admittance between 500 kc/s and 5 mc/s was
measured with a model B 601 Wayne-Kerr bridge. The circuit used
is shown in figure 9; the 0.0l/LF condenser was effectiveiy a
short circuit at these frequencies and did not produce any
unwan;ed resistance or capacitance components which it did at
the lower frequencies, necessitating the construction of the
bridge previously discussed. Measurements were made on carbon

resistors, substituted for the transistor, to confirm that the

bridge was working correctly.
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3.5 Experimental Impedances

Both bridges gave the effective a-c. impedance of the
transistor as an effective a-c. admittance it.+_yﬂce where
Ry and (i are the values of resistance and capacitance read off
the bridges. In this manner the transistor is represented as a

resistance Rt and a capacitance Cp in parallel.

Typical resﬁlts obtained for the variation of Ry and C¢
with frequency and current are shownkin figures 10,11,12 and 13
and some were quite unexpected, particularly the capaciténce
rise at low frequencies which in some transistors reached 3000 pf.
The capacitance/was found to be constant at low frequenciés, and
to decrease as’f-%ﬁfrom 100 ke/s to 1 mc/s. The differential
resistance Ry was observed to be constant above'ZOO ke/s, but to
rise at lower frequencies.

H

The,variatioﬁ of Ry with current is shown in figure 13 and
the 1 kc/s curve is seen to be similar to the derivative of the
d-c. characteristics., The capacitance was found to vary linearly
with the current between 1 and 6 milliamperes, with deviations

occurring at higher current as shown in figure 10.

3.6 Noise Measurements 20 to 500 ke¢/s

The principle used in all the noise measurements was that
of comparing the transistor noise with that of a standard noise
diode. The circuit used for frequencies between 20 and 500 ke¢/s
is shown in fipgure 14 and its equivalent circuit is shown in

figure 15. The extensive filtering used on the Transpac was
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Figure 12 - Variation of C4 with Frequency for 2N137 no.53 at 3.0 ma,
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necessary to reduce the level of 120 cps. introduced via the
temperature variations of the diode heater. Additional filtering
was also found necessary between the two amplifiers to eliminate
stray pick-up from the rest of the circuit and amplified by the
first amplifier. No 60 cps. or 120 cps. could be detected with
an oscilloscope at the input of the wave analyzer. The noise
diode used was a Sylvania 5722, designed to generate full shot
noise under temperature-limited conditions as given by

equation (1.5.1).

The procedure for measuring the transistor noise was as
follows; with zero diode‘cufrent, but a transistor current Lj
flowing, the output voltage was read on the wave analyzer. The
reading was then increased 3 db. by adjusting the diode filament
supply and the corresponding plate‘currenti[d read. The
transistor noise was then represented as a shunt noise generator
of value .7-,‘-" =1<1i£Af wh‘er"e' ?‘ ,was the measured noise éurrent
and the equation defines 14 . For negligible amplifier noise, the
procedure described above ‘immediately gave it=Ig since gain,

bandwidth and impedance did not vary between the measurements.

A

Three departures from this simple analysis were encountered.
in the measurements;»the.variation of diode conductance with
current, therhal noise generated by the load resistors, and the
amplifier noise. The diode conductance was measured at various
freguencies and currents and the highést value obtained was
20 Umho: this value was not large enough to cause any appreciable
error. The noise of the load resistors R was. minimized by

using wire wound resistors, which exhibit only thermal Nyquist
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noise. For the value RLF 600 used, they had an equivélent shot
noise current of 0,1 ma. which was negligible compared with the
noise currents measured, All the results were corrected for the
amplifier noise, which was sometimes half of the total measured
noise. The amplifier noise was measured by a process identical
to the procedure for measuring the transistor noise except tha;
the transistor was disconnected; this gave an equivalent
amplifier noise current In which had to be corrected when the
transistor was in the circuit, dueé to the impedance change.

An analysis of the equivalent circuit shown in figure 15 gave

for the equivalent transistor noise current

ipo= Tg~Tn il + (P} (3.6.1)

where  Ig= the anode current of the noise diode,

\/R= the conductance of the load resistors,

\/gp= the incremental conductance of the transistor, and

In= the equivalent amplifier noise current with the
transistor disconnected.
In the above analysis the amplifier noise is assumed to be
equivalent to a constant voltage source at the amplifier input
terminals of value \gf'and the above representation by In is
merely a convenience; the two quantities are related by

1!]3‘:211,\ RZAf  where Af is the bandwidth of the measuring

circuit.

The value of R_ was calculated from the d-c. resistances
of the two load resistors and found to be 600. The impedance
of the whole circuit as seen by the first amplifier was
measured with both bridges; they gave similar results of

R_= 6001 50 from 20 to 500 k¢/s and an effective parallel

v

29



| | A-C.
R CDZQIJ Ry aPEg_i{. Voltmeter

-

where R, represents the transistor and noise diode load resistors, and
R is the reciprocal of the transistor conductance at the frequency
of the measurements.

Figure 15 - Equivalent Circuit of Noise Measuring Equipment o-f Figure 14
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capacitance of 100 % 15 pf., between 100 and 500 kc/s , rising
at lower frequencies due to the finite size of the coupling»
capacitors. These measuyements indicated that there were no
unknown conductances in the circuit, and that the equivalent

circuit was as shown in figure 15,

The variation of the square of the output voltage versus
the noise diode current was determined over a wide current
range and found to be an excellent straight line. This
procedure checked that the_noise diode was delivering noise
?icCZIa, that the amplifiers were linear at the voltage levels
used, and that the output meter behaved as an r.m.s. meter for
noise, It isfexceedingly unlikely that the amplifiers, diode
and meter would have compensating errors. Periodically, however,
a second noise diode was supstituted for the original but no
change was found in the rééUlts;’That the diode was in the
saturated condition neceésarx for the production of full shot
noise Was‘periodicaily'checked by observing the change in the
diode current with anode volﬁage.-This was typically about
0.5 ma. per 50 volts, or a conductance of lO}LthS at a plate
current of 15 ma. and it was very much smaller at smaller

currents; much larger conductances would have indicated that

the diode was unsaturated,

Another check of the operation of the circuit was made by
substituting a second noise diode in place of the transistor
and measuring its noise. The values of equivalent noise
currents agreed within 1.0 ma. from O to 30 ma., this was

repeated with similar results when the noise diodes were
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interchanged.

Because of the very nature of noise, the meter on the
wave analyzer éxhibited fluctuations, which were smoothed by
a 6000‘Ff:condenser placed across the meter. This reduced fhe
meter fluctuations considerably, but increased the length of
time nécessary for the meter to attain its correct mean value.
The condenser used provided a good compromise bétween these
effects, but the meter still had an overall fluctuation as much
as.O.S db.; the ability to estimate the mean value of the meter
reading was the'maih limit on the accuracy of the experimental

results.,

Typical results for the variation of transistor noise
with current and frequency are shown in figures 16 and 18. The
very rapid rise of noise at low frequencies and high currents
-was attributed to excess or 1/f noise and it was apparent that
this was still present aﬁ 500 kec/s. As a consequence of this
it was decided that measurements should be made at higher

frequencies.
v

3.7 Noise Measurements at 5 mc/s

These were made with the circuit of figure 14 unchanged
except that the amplifiers and wave analyzer were replaced by
an Airmec receiver and an a-c. voltmeter. In addition all the
leads in the noise producing part of the circuit were shortened

to a minimum.

The equivalent circuit for this set up is shown in

31
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figure 17. Z, represents the complex input impedance of the
receiver. Because of the nature of Z,, a new procedure for
noise measurement was devised, consisting of three readings.

The first reading was taken with the transistor disconnected
and zero diode current, the second with the transistor
connected and the desired current flowing, and the third with
an additional diode current T4 flowing. With these three
readings denoted by V, , V| and Y& respectively, an‘analysis of
the, circuit gives

1, = T4 {V'—?VL;% (3.7.1)

Vo, — W,

Two possible sources of error were present here; the
conductance of the noise diode was again present but negligible,
However the variation of the noise of Z, with external damping
was found to be not negligible. This variation was determined
by subéti£uting carbon resistors for the transistor and the

appropriate corrections were made to V, .

This method had the additional advantage that it was not
necéssary to know the value of Ry, or to adjust fhe diode
current to meet a predetermined condition. In general a diode
current was used that gave \4_3 1.5'% , small enough so that
errors due to changing scale on the voltmeter would not be
iptroduced and large enough to maintain adequate sensitivity.

The same tests as before were applied to confirm that the

equipment was functioning correctly.

Some results were obtained by this method at 20 mec/s as

well as at 5 mc/s. These and previous results are shown in
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figure 18 to give an overall picture of the variation of

transistor noise with current and frequency.

The noise currents at 5 mc¢/s and for 'small transistor
currénts were measured and found similar to those shown in
figure_zo. This graph is interpreted as indicating the absence
of .excess noise below 1 ma.; it is seen that if shot noise is
subtracted that the transistor thermal noise was slightly
increasing with current between 0.1 ma. and 1.0 ma., and very
rapidly rising at higher currents. The latter was presumed to
be caused by the onset of excess noise which was found to be

very current-dependent.

It was noﬁ possible to make low current measurements at
higher frequenc%es since the amplifier noise increased and
overrode the transistor noise. The length of the circuit wiring
was also considered excessive for obtaining reliable results

ahove 5 mc/s.

The low Eurrent data obtained by this method Qére rather
scattered and to some extent non-reproducible in absolute
valueé; this was attributed to the fact that the circuit was
being used close to thellimit of its sensitivity and consequently
the equipment was modified specifically for the low current

measurements,

3.8 Noise Measurements at Low Currents

The sensitivity of the circuit was improved greatly by

increasing the noise voltage at the input to the first
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amplifier of the receiver. Since the noise voltage is equal to
the product of the noise current and the modulus of the circuit
impedance, increasing the latter to the ﬁaximum possible

gives the mést f;vourable ratio of transistor to amplifier noise.
The circuit -admittance was ultimitely limited by thé transistor,
and/at high gurrents this condition was achieved previously.

Wiﬁh low curréents the transistor Ry was typically 2,000 L

and it was obvious that a marked improvement could be made.

The load resistors were increased to 17 K& and 50 K& for

- the diode and transistor respectively. The noise was fed into

a 5 me/s tuned circuit and thence directly to the grid of the
first tube of a National receiver as shown in figure 19. The
tuned impedénce of the whole circuit was measured to be 3500
on the Wayne Kerr bridge; this low value wﬁs attributed to coil
losses due to the close proximity of the chassis, but it was

high enough for the purpose for which the circuit was designed.

The equivalent circuit for this method was the same as
that for the first method of measuring noise shown in figufé 15.
In this case K_= 3.5 K and its thermal noise could no longer
be neglected. The procedure for noise measurement that was
adopted was essentially the same as that described in section
3.7 except ﬁhat V, was measured with the receiver input shorted

and the thermal noise of K_ was subtracted directly giving

v — ‘Vlz_' VOz q’h-ro | (3.8.1)
i = 14 { vil—v.L} T 29 R

As a check, the noise of R_ was measured by this method with

the transistor disconnected, and found to agree within 10% of

the expected value for RL= 3.5 K , This agreement was as good
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as could be expected from the sensitivity of the apparatus, but
was not achieved until the Transpac supply to the noise diode
filament was replaced by a battery; it was discovered that some
external noise was being introduced through the leads from the

Transpac.

The linearity of the receiver was tested by determining
thé variation of the output voltage squared with the diode
current as before; this graph was found to be a straight line
for the voltages used, but deviated at higher voltages due to
the a,v.c. of the receiver., Measurement of the noise of another
noise diode gave a maximum error of 0.02 ma.-for currents up

to 0.15 ma.
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. Chapter IV -- THEORY

L.l The Punch-through Voltage

The standard.equatipn for the punch-through voltage of a
transistor, equation (1.3.1), is obtained by a double
integration in one dimension of Poisson's equation over the
base width, assuming a uniform charge density due to the donor
ions, and using the boundary conditions that the electrostatic
potential and the electric field are equal to zero at the
emitter junction. However, there is a potential rise in front
of the emitter which, though small, is not negligible in

transistors with a low punch~through voltage.

' The electrostatic potential\# and the quasi Fermi level for
holes ¢$ shown in figure 21 are defined as follows.yb is the
energy midway between the valence and conduction bands of the
material such that in intrinsic material it is equal to the
Fermi level energy. The quasi Fermi level<?F for holes is

defined by the equation
p = exp{ille-¥} (4.1.1)
kT
and similarly the quasi Fermi level ¢n for electrons. is defined

o | n =M, exp % GL(W 4"‘)} (k.1.2)

where p is the hole density, ™\ the electron density, and

N =p=M in intrinsic material. It is seen that for p-type
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material where p>n , that,qk>¥'and 4,<y ; the converse is true
for n-type material. 3ubstituting equation (4.1.1) into the

equation for the hole current due to drift and diffusion yields

T, _ ‘LDVP _QFPVl/, = %FPV(?P (4.1.3)

where D and’i‘are the hole diffusivity and mobility respectively.

A similar equation exists for the electron current.

We shall ngw justify the variation of ¢ and P shown in
figure 21 and then derive an expression for the height of the
potential maximum in front of the emitter in terms of the
current. In the emitter and collector regions, the hole density
is about 1018,to 1019 cm?3, very much higher than‘ﬂi which is
3.1013 for germahium, thus 4%>1P; also for small current
densitieé, since P is so large, a good approximation is
V4p=Vy = O . In the base region for x>0, the current is
predominantly a drifp current and for P==qi§%bééh/'thé donor
density in the base, the potential distribution_can be

calculated using Poisson's equation
2y _ _ 4N ‘ :
VY = —€ (Lol.4)

Imposing the boundary conditions that Y=V$=0 at xX=0,
assuming that N is independent of X, and assuming planar

geometry gives
N .
\Pz_i_x _ for 0 < x < (W-x5) (4.1.5)

Since P decreases with X in this region, the difference \}-dp
must increase according to equation (4.1.1). At the collector

junction, because of the sudden increase of P, both V¢ and VC(?P
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decrease very sharply andy and ¢% take on their equilibrium

values in the material.

That there exists a potential maximum in front of the
) eﬁitter is seen to be necessary to limit the current flowing
through the diode. In the region X0, a good approximation is
‘that @P is a constant because the high hole density of the
emitter spreads into the base for.a few free mean frée paths,
The hole density at X=0 can be calculated from (4.1.1) with

LPP and Y evaluated at X=0,

PO = M exp{- = (Pp-1)} (4.1.6)

If we consider that any hole travelling in the +X direction

at X=0 is immediately grabbed by the field and shot off to the
collector, the current can be calculated from the mean velocity
of the holes in the +X direction at this point. Assuming that
the holes have a Maxwellian velocity distribution, the current

density is
Q(ﬁy’“ i exp{—g&—w—} (4.1.7)

The difference between'qé and q@e in the emitter can be
calculated from (4.1.1) if the emitter impurity density p, is

known, -

1 ‘l(‘f’r’e %)}

Pe = M &xp (4.1.8)

Combining (4.1.7) and (4.1.8) gives for the height of

the potential maximum, assuming that c&k =‘0Po’

W= Ve = "‘T ln{ 1 (lﬁ;)'&} (4.1.9)



The assumption that for X<0 , p is a constant can now be
checked; the value of‘Vh% at X=0 can be calculated from

equations (4.1.3), (4.1.6) and (4.1.7). This yields

Y
Ve (=) = (g7) g

Substituting the values fl=~1900 cm2/volt sec., M= 0.4 x the

(4.1.10)

free electron mass (Conwell, 1958) and T= 300°K gives V7¢P==
2,000 volts/ecm. If in the base region for <0, the average

value of VW? is only half this value, for Xo= lO'5cm., the
change in ¢P, c&w-qkbﬁt 0.01 volt.

Since the reading of a voltmeter across the emitter-
collector diode will be equal to the difference of the quasi
Fermi levels in the two p regions, the measured punch-through
voltage will be,

) .
_ ‘L'\' 1 KT, {4F T /1} L.1.11)
Vo= dzwr— Bl {AF( D) (k.

assuming that the two p regions are similar, that is that
Gpo-We = Pp - e -

A further deviation from the usual formula for the punch-
through voltage can occur if the collector surface is not
planari in particular:if it is spherical, and if it is also
assumed that the emitber surface is spherical concentric with
the collector surfacév the new punch-through voltage obtained
from the double 1nteprat10n of Poisson's equation in spherical

geometry is

Vp = %’w’“{_lﬁt%cz LAy {3-—”’—‘(”", Vl} (4.1.12)

where 91, is the radius of curvature of the collector surface,
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L.2 Noise in a Specimen with Non-uniform Field

In Appendix IT it is shown that the noise in a specimen
with a uniform fiéld distribution is equal to the sum of shot
and thermal noise; to find the noise in a specimen with ron-
uniform field distribution we shall consider the noise voltage
[g;Lgenerated by a section of thickness Ax in which the field
may be considered uniform and then consider the specimen as a
series of noise voltage generators. At this point it is
necessary to be very careful in evaluating the tdtal sPecimén

noise voltage.

For frequencies much less than the reciprocal of the
transit time, the shot noise component of al} sections is
completely correlated and it may be represented by a noise
current generator of value S (D= 29T in parallel with the
specimen. The shot noise is independent of the field
distribution for frequencies much less than the reciprocal of
the transit time since the current consists of a series of
spikes, the Fourier analysis of which does not depend on their
shape, but on the total area Q of each spike and the mean

current.

In evaluating the thermal noise, the section thickness
must be chosen large enough so that the noise voltages of
neighboring sections is uncorrelated, in which case the Avz
can be summed; this means that several collisions should take
place in Ax for each carrier. Ax must also be chosen small

enough so that the field may be considered constant within Ax.

\J



Under these conditions the total thermal noise voltage of the

specimen is equal to

'\_J-Q, - ZA.U—;;' (h.2.l)
3

For each section Ax we may also define an a-c. resistance AR
and an effective carrier noise temperature In which is in
general a function of the electric field F. The total a-c.
resistance of the specimen is given by R,= jiAR;, where it has
been assumed that imaginary admittance components are negligible.

The spectral density of the thermal noise is then given by

Sulf) = Ak s T(F) DR, (4.2.2)

This may now be converted to an integral over the variable X,
which represents the distance across the specimen in the

direction of the field.

_ drR (4.2.3)
Su—(a‘)ﬂ— 4 k JT@) e dx

To evaluate the integral it is necessary to know both the field
distribution in the specimen and the dependence of the carrier
noise temperature on the field. The reason that (4.2.1) cannot
be integrated and that (4.2.2) can is that DR, takes into
account the correlation between the noise voltages in

neighboring sections.

L.3 . Noise Temperatures.
A

In a vacuum diode there is shot noise due to the random

emission of electrons, but no thermal noise; however, the
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electrons have a high meaﬁ kinetic energy. It is obvious then
that Shockley;s definition of the effective temperature as
(1/k)x(mean kinetic energy) cannot be used as the noise
temperature,.which'is zero in the above example. For the
particular case of a solid in which the drift velocity is
independent’of the spatial coordinates, it is shown in Appendix

IT that the temperature to be used in considering thermal noise

is given by

ETn = m(al—ﬁl) = m.ual (4.3.1)

where W is the velocity in the direction of the field and Tn

is the noise temperature.

To appoly this to the theory of Yamashita and Watanabe (1954)

discussed in section 2.4, it is necessary to make an assumption
about the velocity'aistribution and then find the velocity
variance in terms of the mean energy and drift velccity. A
logical and simple distribution is an isotropic one displaded
by the drif@ &elocityﬁi. Let us denote the velocity compohents
in three mﬁgually orthogonal directions by\&i,\ﬂt and U}, where
X

V. and W are in the same direction. The mean electron energy 1is

then

—— | - - -

but accoring to the assumption made about the velocity

distribution we also have

- o . — — —_— :
R (U 23]

Combining the last three equations and noting that W and Uy are

L2
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equivalent quantities yields the required formula for the noise
temperature
s . 2—

kT = £ E =L mT (5.3.4)

Since tHe maximum possible value of W is 7.106 cm/sec. for
holes in/éérmanium from the experiments of Ryder (1953) and -
Larrabee (1959), and the minimum possible value of E is %k—;;,
the maximum value of the ratio.of the second to the first term

of (4.3.4) is

L

(!ﬂé& = 02 - (L.3.5)
2E /mox

where Vle'é(free electron mass) has been used. The theory of
Shockley indicates however that at this high velocity,E will
be much greater, and using the results of equations (2.3.4)
gives instead for the maximum value

(%%%-Wux = 003 (4.3.6)
Consequently we are justified in neglecting the second term
in equation (A.B.u). The same result does not hold true for

electrons because of their much higher effective mass (see

Conwell,1958).

On this basis then it is deduced that Shockley's equations
(2.3.4) for effective hole temperatures can be used in good
approximation for the noise.temperatures. It is interesting.
in this connection to calculate the mean energy and noise
temperature of the distribution (2.4.1) derived by Yamashita

and Watanabe (1954). Making the substitution x = E- , the mean

kTo
energy is given by
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3.
T = pT L3 @ep? e dx

° ¥
_fo x%* (I"'P)P e-'I' d-?C (L.3.7)

where p is a parameter proportional to the Square of the field

and is given more explicitly in. scetion 2.4. For integral

values of P this can be evaluated by expanding the bracketed
terms and evaluating the resulting series of gamma functions.
this is only convenient for small values of P, but for[>>>l00
the approximation X«{ can be made over the range of iﬁtegration

and (4.3.7) becomes
2
3 X
S,, x " e *P dx
fox e P dx

E= kT

This can easily be evaluated in terms of gamma functions to give

A\l

E=l0kélp kT p > 100 (4.3.9)

Graphical integration methods were used for the evaluation of
the integrals at p= 100. The results for the mean energy are
shown in ficure 22 and an excellent approximation to the curve
is | '

E = {,__,_.l,ol;-é\ff?q— 05 Q—Z-OQQJF?EE (L.3.10).
It is possible to evaluate the ﬁrobortionality constant
between P and F:lin terms of the zero field mobility which is
given by Yamashita and Watanabe as f@:#qf/%/zfﬁﬁgT;7 . Thié

gives for p

- alF BT MF _
P =% T =R

M

L
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where k= - has been substituted. Substituting for p in

/4

equatlon (4. 3 10) and noting that the second term in (4.3.4) is
negligible as shown previously, we have for the noise

temperature

T {% + _"::_ + = cxp (- } (4.3.11)

This is almost identical to the results obtained by Shockley,

3
equations (2.3.4).

We shall now calculate the noise temperature to be expected

on the basis of Gunn's model discussed in section 2.4.
Substituting the values for the drift velocity and mean square

velocity from (2.4.2) into equation (4.3.1) yields
Tn = —G'—TOP = 85°K | (4.3.12)

Though this method of calculéting the noise temperature on the
basis of Gunn's model is not completely valid, because the
postulated carrier moﬁion does not follow the statistics
assumed in deriving equation (A.B.l); the overall result that
the noise temperature is much less than (1/e)x(mean kinetic
energy) still holds. Such a temperature is quite impossible
for a lattice at room temperature, and consequenﬁly from the
point of view of the noise temperature it is seen that Gunn's
model is quipe inadequate. It may be said in general'then that
though a test of a model be that it predicts the correct
velocity-field relation, an even more stringent test is that

it predicts reasonable values for the velocity fluctuations.
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"Figure 23 - Field Distribution in the Base for Various
Applied Voltages
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L., Thermal Noise of a P-n-p Diode

In evaluating the thermal noise of a p-n-p diode we first
assume that all the applied voltage and changes thereof appear
across the space-charge-limited region of the base; then, if the
electric field distribution across the baée, and the dependence
of ‘the carrier noise temperatufe on the field are known,
equation (4.2.3) can be used to evaluate the thermal noise.

The electric field distribution across the base is shown in
figure 23 for several typical operating conditions of the diode,
and it is obvious that the resions V<Vp and V>Vp must be

discussed separately.

For the region VZVP, the field distribution can be found
from integrating Poisson's equa‘tion VF—‘-Ji, wheref is the
donor charge densit& of the base, and using the boundary
condition that —j Fdx =V the applied voltage, where X, is
the boundary of the space-charge region, The field is thus

found to be

2¢V '
F=Llx) , x=W- Jf X, <X<W.  (4.4.1)
Substituting the formula V’=§% l for the punch-through
voltage yields
v v :
F= Wf(:c X)) , x.,:w(\_f\;) X, <X<W.  (4.4.2)

The incremental resistance at any point is then given by

)d ) j%)dx C hs.3)

Substltut:mg dF . from (Lp.h.2) and noting that %_—_Ro , the
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overall resistance of the specimen, yields

dR = W\/‘l\//} R, dx . | (4olyuly)

Substituting the formulae (4.4.2) for the field distribution,
(4 L.L) for the incremental resistance, and (4.3.11) for the
noise temperature into equation (4.2.3) yields for the

spectral distribution of the noise voltage

S\r(a‘)—HkTRo{S+—+ o (- exp(-6©)] (h.k.5)
where _ JV;T

S— WFo / ’
Definlng an average temperature'T' by S GQ LeR,T , we find

for the limiting values

. vV
J—VVP 244 WFO T /= < %VQ_FP:L)
(4.1.6)
W > WF, T /= J»ﬂfﬁ,

For V>VP it is convenient to use the field distribution
(2.2.5) derived by Nichol for small current densities. In this

case

Pl

dR = 2R, W ¥ x dx (4.4.7)

It is convenient mathematically to discuss the average
temperature'T/ for two approximations. In the case that the

" field F«F, throughout the base, the noise temperature can

- be approximated by Th:j}(br% %%;) and the average temperature

is then given by



, : »
T 9 {J’é \/ 3 ¢ }1
— =1+ -5 + == V-V
To N7 WR T 2J5 EW (V Ve) : (Lobh.8)
In the case that the approximaltion >R throughout most of
the base can be made, —l;,=_l:,(%“+% and
/ ] — N l‘“. .
T2, E e, AV ()
T, 3 5 WR 8HERW

L8
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Chapter V -~ DISCUSSION OF RESULTS

5.1 pP~-C, Characteristics

The d-c. current-voltage characteristics of a typical p-n-p
diode are shown in figure 7. Theoretical considerations of the
two voltage ranges, below and above the punch-through voltage,
were discussed in sections 2.1 and 2.2 respectively and the
agreement is good except for the constant in Nichol's equation

(2.2.8).

Gétzberger's equation (2.1.4) was fitted to the experimental
results for the pré-punch-through voltages and the comparison
is shown graphically in figure 24. The numerical values for the

curve shown aré

k2 + -3
AV Y,
\-VirE =73

where the current I is in microamperes and the voltage is in

I-= for V<7 vohs -~ (5.1.1)

volts, The measured value of I = 0.5 % 0.05 pamps. was not
observed to change over the voltage range considered so it was

not necessary to make any correction for this.

In Gotzberger's model, equation (5.1.1) }epresents two
transistors in parallel with pundh-through voltages of 7.5 and
17.5 volts respectively, and relative areas of 1.3 : 42.

The ratio of the-two éase widths can be calculated from the two
punch-through voltages and is 1 : 1.5. It should be noted that

the low Vp of 7 volts is higher by 1 volt than the measured
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Schenkel-Statz punch-~through voltage. Nichol found it necessary
to assume spherical geometry for the collector junction and

the space-charge fegion to explain the post-punch-through
current; this is quite_consistent with the above results and the
latter indicate that the maximum base width is at least 1;5
times the minimum. The two punch-through voltages do not
indicate extreme values, but intermediate values which give the

best approximation to Gotzberger's model.

The post-punch—ﬁhrough current was observed experimentally

to be
-5 3
T= 24% 1077 (v-vp) (5.1.2)

where V and Vp are in volts and T is in amperes. This is in
qualitative agreement with Nichol's equation (2.2.4), however
substituting the appropriate vale of‘/ﬂo= 1900 cm2/volt.sec.
(Conwell, 1958) and W= 1.3 . lO'ch. deduced from the
manufacturer's value of the cutoff frequency-{& = 8 mc/s into
the equation giveé I=1.2. 10 (V—VP)3. This numerical
discrepancy can be explained in terms of the effective emitter
area that Nichol uses; he considers this to be the area of the
emitter plane intersected by a spherical space-charge region with
centre at the collector junction. The assumption of a zero
collector radius is not valid and even so Nichol does not use
the correct form for the punch-through voltage in spherical
geometry., If the collector junction is éssumed to be spherical

with radius4¢, then using spherical geometry, and assuming

that 3. » W, the effective emitter area Ap is



WA W 1, | |
which is larger than Nichol's-by a ratio of %§ ; the current

~ would be expected to be larger by the same ratio. From the
above correction, it is possible to deduce a value of the
collector radins %= 20W = 2,6 . lO‘zém. for the transistor
G.E. 2N137 #21. This value justifies the approximation that

3. »W made in deriving equation (5.1.3).

!

5.2 A-C, Characteristics

The experimental results are shown in figure 10,11,12 and
13, and can be explained by means of the following model. |
The transistor diode is.considered to consist of a resistance
K, in series with an admittance\(ﬂg‘; Ko represents the |
resistance of the base region in which the drift current
predominates, while§{G9 represents the admittance of the base
region in which the diffusion current predominates, that is in
the vicinity of the potential maximum. Shockley (1949) gives

for the diffusion admittance of a p-n junction

Y# = & (1+ ij}l/z’ (5.2.1)

where

G = qﬁtéﬁup (-c—t—\—/‘-’ (5.2.2)

BT

The quantities Q,VO » T 5 P and Lp have been defined with
equation (1.2.2), and 7 is the lifetime of a hole in the

n region;/u is the hole mobility in the n region. This equation
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is derived in a similar manner to the d-c. equation (1.2.1),
but applying an a-c. signal and considering the effects of

recombination and generation of the current carriers.

To compare this model with the measured quantities it is
necessary to transform the series network into éffective R and

C components in parallel. Performing this analysis gives

R() = 1% 2ReG0 + REGE (26°—D (5.2.3)
G § 0 + Reéo (202D }
7/
G’o (91-') * ’
= (5.2.4)
<@ w1+ ARG, 6 + RAG(26™1)
where y
|+ (1+ W)™

6= .

At high and low frequencies these expression reduce to

A

WT > R({')'—‘ Ro ' CH—)—’- &Ro'za’;(b%‘ T (5.2.5)
| G, T
- L - ——° . (5.2.6)

These are in good agreement with the results and in particular
. . =/ :
agree with the qualitative results of C°C{ at high

frequencies, C constant at low frequencies and a rise of R at

low frequencies.

Equations (5.2.5) and (5.2.6) can be considered as four
equations in three unknown constants &, ,Ro and T . The results
are consistent with these four equations, and typical values

of the constants are’ 6—° = 0,01 mhos, Rp = 350l and Y =7 , 10-6
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seés. for the transistor G.E. 2N137 #53 at a current of 3.0 ma.

An estimate of G, can be made from equation (5.2.2) by
,Sl_lbstittlting /u,= 1900 cm'?/volt sec., Lpz\/ﬁ , D= -E%—}L ,
ﬁ1=A%%; ,where N is the carrier density in intrinsic germanium,
and the donor density of the base N,= 6 . 1013 em73 A is
calculated from equation (5.1.3) and V, is assumed to be 0.080
volts from the measured floating base potential; this yields a
value of G, = .0025 mhos in fair agreement with the measured
value of 0.01 mhos. The most likely source of error is in the
value de}n used, deduced from the measuredeb and assuming a

value of W determined from the manufacturer's value of f& .

5.3 Noise Temperatures

Theiexperimental data cf noise current 21ft,'shown in
figure 20, can be transferred into effective hole temperaturcs
1-/by first subtracting shot noise 29T and then dividing by
lh&yq, where G is the measured diode conductance. That this
method is valid is concluded from Appendix II where it is
shown that shot and thermal noise components are additive; the
assumption regarding the transit time can now be checked by
calculating it. Assuming that the velocity field relation
throughout the base is given by UEbe—?% and that the field

in the base is F= -—P:I the transit time is

dx 2 W e : ;10
: = = 5. 10 secs. (5.3.1)
e - M s .

Ah estimate of Te can be made from the zero field mobility/lo

which theoretically is equal to pr:%%? . Using a value of
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m= (1/3)x(free electron mass) gives 75, = 3.10'135ecs. and thus
the assumption that t,«To is justified. At the frequency of
5 mc/s, the transit time reduction factor in the shot noise

formula is less than 0.01%, and can therefore be neglected.

The effective hole temperatures obtained are shown in
figure 25, and are compared to those predicted in section 4.4.
Equations (4.4.5) for V¢Vp and (4.4.9) for V>Vp were used where
the following parameters were substituted: F; = 1.5 . 103volts/cm.

(Ryder, 1953), /Mo= 1900 cm?/volt sec. (Conwell, 1958),
Vo = 6.0 volts, and W=1.3 . 107> cm.

-The agreement between theoretical and eXperimental results
is not very good, the experimental values for the average
temperature lying below the theoretical ones for‘VkV@ , and
above for V>Vp . A most likely source of error is in the value
of the base width used, which was calculated from the
manufacturer's data for-ﬁ* ; individual units may vary widely
from this value., However, this could not explain the sudden
ijump of temperature that is observed at punch-through. This
could only be caused by the appearance of a new noise generating
mechanism, or a éudden shift in the emphasis given to various
noise temperatures in the base. It is quite possible under the
experimental conditions tﬁat either or both of excess noise and
surface conduction were not'absent, even though great cafe was
taken to avoid them; in this respect it should be noted that one
transistor showed an average noise temperature of 40,000 °K at
punch-through, though in fact this figure could not truly

represent the thermal noise temperature, but the noise due to
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. A
some other noise generating mechanism .

5.4 Conclusion

The d-c. and a-c, characteristics of the p~n-p diode have
been measured and interpreted on the basis of present theories,
The diode: noise has been measured and where applicable
interpreted in terms of noise temperatures; the latter are not

found to agree with theory.

Further measurements that are recommendedfor obtaining
more information are:

(a) noise and impedance measurements at frequencies higher
than 5 me/s, since it was not definitely established that
excess noise was not present,

(b) measurements on p-n-p diodes with different punch-through
voltages to obtain noiée temperatures at different field strengths.

(c) measurements on n-p-n diodes to determine the noise
temperatures of electrons, which are expected to be different
from those of holes due to their different moBilities, and

(d) measurement of the cut-off frequency ﬁ;,of the transistors

to obtain a more accurate value of the base width.



Appendix I
The Shockley Equations for a One-dimensional Ideal Transistor

5ince in a p-n-p transistor the base width W is very much
less than the diffusion 1engtﬁ for holes in the base L—p{ the
transistor cannot be considered as two separate p-n junctions,
but must be treated as a single unit. By considering bulk
recombination and generation, and diffusion of holes, dhockléy
(1949) derived the following equations for the emitter and

collector currents:

Is[{goﬂ f’}{@p(%‘-f IZ —{c_sd\ %f{exp(i\é—\_/rc)—l }] (A-1.1)
I = I;Hco‘rk %’}{ap(%‘)—l} {csch }{up(qf)—l}] (A-1.2)

where  Te= the current entering the emitter,
~Tc=the current entering the collector,

.Ie

= the voltage of the emitter with respect to the base,

V= the voltage of the collector with respect to the
base, and Ig is the reverse saturation current of either

junction given by equation (1.2.2).

When the transistor is operated as a diode with the base

floating, Te=-Ic¢ and the above equations yield

_ kT 2

Ve = 5= {n v (A-1.3)
T - ()

where the voltage across the diode V-——Vg—-Vc has been

substituted. The corresponding current is

W Qv i
I T, ——I -ISCOTH - tanh TeT (A-1.4)
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It should be noted here that the division of the voltage
between Vp and V¢ does not depend on —\g whereas the current
does, For _\'E }) l,‘ the current is given by

T= 22APD ) AV | (A-1.5)
W 1T :

where equation (1.2.2) has been substituted for:[g.
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Appendix II
Combination of Shot Noise and Thermal Noise in a Solid

(a)'Thé model we shall consider is that of an electron
moving in'a block of material with an externally applied voltage
V ; the field is un_ifor'm everywhere with é value F=V/s; where
S is the length of the block. We shall assume that an electron
undergoes collisions with the lattice with the probability of a
collision per unit time being ‘/n, ;: To is then the mean free
time between collisions. Immediately after a collision an
electron has on the average a velocity Eﬂ .'Generation and
recombination are assumed negligible, thus all carriers that
enter one side leave the other, To find the spectral density of
the current fluctuations we shall first find the autocorrelation
functhn1\P69 fof the component W of the electron velocity in
the field direction; this is equal to the average value of the
velocity at any time, times the velocity of the same electron at

a time 7T later. Thus \Pu(’r) = w.uf .

For a given initial velocity W, the average velocity at a
time T later will be given by
\Lh):: [(probability of no collision)(u+qggw +

to-T

(probability of a collision)(&_("’) ):I (- T
[#]

A .
where ILQQ is the average velocity. of an electron which has had
at least one ¢ollision within the last 7 of travel. The last
multipliér takes into account the possibility of an electron

leaving the specimen during 7T, where t, is the transit time,
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the average time taken by an electron to cross the specimen.
Since we are interested in the noise from the specimen only we

also have \P(T)zo for T>t,.

For the statistics postulated above
' to-T — F F
wi = (B0 (uw, - Er)ep(-T) + T + L |
o .

To obtain the autocorrelation function this must be multiplied

by W and averaged over all values of L; noting also that the

mean velocity = II. + q,‘t;‘rz, we obtain

-~ — 2
Y@= (1- D) (@-aep-T) + T §.
We now noté that the current induced in the external

qQu

circuit by an electron with velocity W is = and therefore

‘l';'i ({') = 'js:_i'q’u ('9

The spectral density of the current fluctuations is obtained

from integrating the autocorrelation fuhcpion as follows,

5,()- ¥ j (- DY(E-ep(-T) + 0 cosur dr

where N is the total number of electrons in the block, and
u)zlﬁrf . Making the assumption that To«<t, , that is that an
electron is subject to-very many collisions during its transit,

we now obtaln
o =2 4nq% u
5.0 = e (G ){leﬂ}wu L (|- wswts)

It is shown later, in (b), that the a-c, conductance is given

by

G@ = ’;:}‘SI"(HW% )

and also noting that the mean current | = —%r— and that the



transit time tb= , yields

fliw

"
)= m(@-a9 ) + aqT { SESE]

The second term of the last equation is the usual shot .
noise formula; the correction term at high frequencies is
different from that of the vacuum diode since in the latter
the electron undergoes constant acceleration while in the solid
it has a constant drift velocity. The first term of the equation
corresponds to the thermal noise and if we define the noise
temperature by

T o= 2(w )

we have for frequencies much less than the reciprocal of the
transit time -
Si(f) = 4kT,GH + aqT

The above definition of the noise temperature is convenient
since it gives the noise in terms of the .usual Nyquist formula,
however it.is the same temperature appropriate to a Maxwell
velocity distribution with a mean velocity w and velocity

. ‘1 —_3
variance w-—u .

(b) The admittance of a specimen such as described above
can be détermined by examining the motion of a particular
electron and determining its average velocity. Let us gonsider
the field in the specimen to be of the form F=F,+F, elwt then
the velocity of an electron in the direction of the field at any

time T will be given by

+ ’ )
wt
W = w o+ [ (ReRe™)dt
T



where W, is the velocity of the electron immediately after the
last collision, which occurred at time | . Averaging over the
various values of T and Uy we 6btain for the mean velocity of

an elettron at time t

| i |
q F, iwt _
FoTo + miw ¢ (l |+1w7’o>

3|®

W) = Wt

Introducing the external voltage \V=Fs, the current in the
external ciréuit‘i=3_‘_§zE for one electron, and the total number
of electrons N , yields for the total current

iwt

I)=1I, + Ie

| Jwt |
1=« R AT L ]

wSsj | +3WTs

This immediately yields for the a-c. conductance
. - | A
_ nqTo { }
The d-c. conductance is complicated by the nature of W, which

has a varying field dependence as discussed by Shockley (1951).
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