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ABSTRACT

The effects of the radiation from a CO2 laser at )\ = 10.Gum
on a Ge Tunnel Diode are investigated theoretically and experi-
mentally. The perturbation of the diode tunneling current duec
to the intraband excitation of electrons by the incident radia-
tion is first evaluated; then the thermal heating of the diode
structure and the resulting response are investigated,

It is predicted that with a laser power of 1 watt/nn@ and
at room temperature, a S/N ratio of &4 x 104, a current responsi-

7 amperes/watt, and response times of 10-13 sec.

vity of 7 x 10~
should be achieved by the creation of hot carriers in the con-
duction band of the tunnel diode. Experimentally it is found that
for modulation frcqucncies of up to several kilohertz, a number

of thermal effects appear with a range of response times from
300i:sec. to 1l5mrcec., depending on the operating point on the

I-V characteristic of the diode, znd the magnitude of these ef-

fects dominate the faster but smzller tunneling effects.
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ABSTRACT

The effects of the radiation from a CO2 laser at A = 10,6 um
on a Ge Tunnel Diode are investigated theoretically and experimentally.
The perturbation of the diode tunneling current due to the intraband
excitation of electrons by the incident radiation is first evaluated;
then the thermal heating of the diode structure and the resulting

response are investigated.

It is predicted that with a laser power of 1 watt/mm2 and
at room temperature, a S/N ration of 4 x 104, a current responsivity

0'13 sec. should be

of 7 x 1077 amperes/watt, and response times of 1
achieved by the creation of hot carriers in the conduction band of
the tunnel diode., Experimentally it is found that for modulation
frequencies of up to several kilohertz, 2 number of thermal effects
appear with a range of response times from 300usec. to 1l5msec.,
depending on the operating point on the I-V characteristic of the

diode, and the magnitude of these effects dominate the faster but

smaller tunneling effects.
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CHAPTER I

Introduction

In recent years the submillimeter band, usually taken to cover
the wavelengths between 10um and 1lmm has attracted much attention.

The submillimeter band bridges the gap between the optical and micro-

wave region of the electromagnetic spectrum. It has reémined relatively

unexplored and unused despite the many special advantages this wave-
length range could offer in applications.

The submillimeter waves are of considerable importance in fields
as diverse as spectroscopic measurements, diagnostics in biological
sciences, solid and liquid state studies, and in the measurement of
distances using interferometer techniquesj the wavelengths in this
range match the tolerances sought in many machining operations in
workshops. The submillimeter band is of importance to meteorologists
for atmospheric studies because of the fact of the high absorption by
water vapor; the latter, long a deterrent to the use of submillimeter
waves for communications, is negligible in stratospheric and space
applications; thus, space communication systems at these frequencies
are currently being developed.

The development of electron devices performing the many conven-
tional functions such as generation, detection, =oculation, etc. of
submillimeter waves is thus an active field of interest. In this work
we are concerned with the analysis of the effcct of =z CO2 laser radia-
tion (. = 10.6..m) on a Germznium tunnel diode znd 2 discussion of the
experimental response of the latter in view of the development of =z
detector for the submillimeter range of the clectremsa

;retic spectrinm,

5
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A feature of this portion of the spectrum from the technological
point of view, is that there are some researchers who developé techniques
approaching this range from the microwave region of the spectrum, and
there are those who view it from the optical region. Consequently it is
not surprising that for the submillimeter region a large assortment of
detectors are in use, These include point-contact rectifiers used in
either video [ 1 ] or superheterodyne systems [ 2 ]; the thermal detectors
such as the carbon [ 3 ], germanium [ 4 ], and superconducting bolometers
[ 5], the Golay celll 6 ], the pyroelectric detector [ 7 ]; and the
photoconductive detectors [ 5 ], [ 8 ].

One of the difficulties in spectroscopy in far-infared research was
the lack of strong sources, One solution of this problem was to develop
detectors of high responsivity. In most cases these were solid state
devices which worked at liquid helium temperatures and had good respon-
sivity but their response times were generally longer than 1078 sec.

With the coming of molecular lasers in the submillimeter band, such as
the CO2 (. = 10.6um ), Hy0 (A = 28.m), soz(x = 215.m ), HCN (. = 337 .4 ),
and other lasers, responsivity could give way to speed.

Quantum mechanical tunneling { 9 ], being one of the fastest physical
phenomena known and also being largely temperature independent, it was
quite natural to attempt to utilize the tunneling principle to develope
an extremely fast far-infrared detector at room temperature., Two devices
whose current-voltage characteristics are governed by the tunneling mech-

anism are MDS structures (with an oxide thickness less than 100%4) [10],



and the Esaki or tunnel diode [11] ; the response of the latter
subjected to radiation from a C02 laser will now be described and

discussed in detail.



CHAPTER II

State of the Art of Submillimeter Detectors

1.0 Introduction

The following is one possible classification of millimeter
to infrared detectors according to their physical mechanism of

operation:

a) Point Contact Detectors

1. Crystal
2. Metal Oxide Metal (MOM)

b) Thermal Detectors

1. Pneumatic (Golay cell)
2. Bolometers
3. Pyroelectric

c) Photoconductors

1. Intrinsic

2. Extriasic



II. 2.0 The Performance of Detectors

The performance of the detectors will be described by a considera-

tion of three quantities [ 8 ], [43] :

‘1) the responsivity R, = AV/AW, in volts/watt, or
Ry = AI/AW in amperes/watt, where AV, AI are the
output voltage and current respectively produced by
a change AW in the input signal power;

2) the noise equivalent power NEP, in watts/HzllZ, which
is the signal power required to give an output voltage
equal to the noise output from the detecting system
with unit bandwidthj

3) the response time ¢, which is a measure of the time
necessary for the detector to react to a sufficiently

rapid change in the incident power flux.

II. 3.0 Detectors
II. 3.1 Point Contact Rectifiers
II. 3.1.1 Crystal Type

These diodes are fabricated by applying a metallic pressure
conduct to a semiconductor crystal. In these devices one uses the non-
linear components in the Taylor series expansion of the current density
in order to detect, modulate and mix electromagnetic radiation. VWhile
point contact diodes have been used as video detectors to wavelengths
as short as 0.5 mm. [ 1 ], their performance starts falling below about

1 cm, due to the shunting cffect of the contzct capacity. Noise equivalent
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II.

II.

II.

/2

powers NEP of 10~11 watts/H21 at2mm wavelength using germanium rectifiers

with a video receiver [ 2 ] have been obtained.

3.1.2 MOM Tunneling Detector

A recent development, the metal-oxide-metal (MOM) point contact
detector [l12] appears to be the fastest response, broadest frequency cover-
age device thus far discovered. The oxide is the natural oxide that is
present on the surface of any metal. This device has detected signals
0-13

from DC to 10u wavelength and its response time is less than 1 sec.

A typical diode has a responsivity of 300-1000 volts/watts and a NEP of
1079 to 10'10 watts/Hzllz at room temperature.

The MOM diode has been employed in tﬁe same configuration as the
run-in microwave semiconductor inguide diode. The non-linear I-V charac-

teristic of the diode, explained by the independent-electron theory of

tunneling, is used to detect the radiation.

3.2, Thermal detectors

3.2.1 General Description

Thermal detectors include bolometers, Golay cell, and the pyroelcctric
detector. Two general characteristics of thermal detectors are that their
performance is independent of wavelength, and that their time constants
are relatively long. The exception to the latter fact is the pyroelectric

detectors which can have response times in the order of tens of nanoseconds.

3.2.2 The Golay Cell

This is a pneumatic detector [ 6 ] . The absorbed ratiation heats

up the gas enclosed in a small cavity, one of whose walls is a thin flexible
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membrane. This wall is distorted by changes in the pressure of the gas
when heated by the radiation. The outside of the membrane forms a mirror
which deflects a beam of light shining onto a photocell which in turn

produces an electric signal. Manufacturers of Golay cells claim NEP of

-10 1/2
about 10 watts/Hz  “with time constants of about 15msec at room temperature.

3.2.3 Bolometers

Avbolometer is constructed from a material with a high temperature
coefficient of resistance. It is arranged so that the absorption of
radiation causes its temperature to rise, hence producing a change in
resistance which can be observed by a suitable bridge or amplifier circuit.
In this type of detector, usually made from carbon or germanium, the
energy is absorbed by the free carriers of an impurity or of the conduc-
tion band itself. The photoresponse is over the wavelength of 20-1000um ,
with response times of about 100usec, and NEP's of 10" 13 W/Hzl/z. Cooling
a bolometer will increase its ultimate sensitivity by reducing thermal

fluctuations., These detectors are usually cooled to approximately liquid

helium temperatures [ 8 ].

3.2.4 Pyroelectric Detectors

Pyroeiectric detectors are thermal detectors capable of operating at
room temperature and responding to high frequencies. Consequently they
may be used to detect any radiation which causes a change in the detector
temperature (x-rays to microwaves), However, they are different from
other thermal detectors in that the current responsivity is frequency in-

dependent, for frequencies above the reciprocal thermal relaxation time
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of the detector system (typically 1 toQ1l/secs). These devices have been

used to detect CO,, HpO and HCN laser pulses with response times as short

2’
as a few n-secs. However, as with many other detectors this bandwidth
can only be obtained at the expense of voltage responsivity, and signal

to noise ratio since they have to be loaded with a small resistor to avoid

RC attenuation of the signal in the detector circuit.

3.3 Photoconductive detectors

The long wavelength threshold of these detectors is determined by
the minimum photon energy necessary to excite an electron from one energy

level to a second.

3.3.1 Intrinsic photoconductors have narrow energy gaps between their
valence and conduction bands enabling far infrared radiation to create
electron hole pairs which then cause a conductivitf change in the mater-
ial. Two such intrinsic photoconductors are Mercury Cadium Telluride

and Indiun Antimonide.

3.3.2 Extrinsic photoconductors utilize photoexcitations from shallow
donors or acceptors in semiconductors. The most common material in use
today is germanium doped with either gold, antimony (both donors) or
Indium (acceptor). These detectors exhibit photoresponse over the wave-
length region 50 - 120,mm and their responsetime is less than 1 pusec with
typical NEP of 10°11 watts/Hzllz. Also the photoconductors are cooled to

reduce thermal excitation of electrons and thus increase their sensitivities.
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3.4 - Recent Advances in Detectors .

The following room temperature detectors have appeared in the

literature after the preparation of this work.

3.4.1 Thin Pilm Thermocouples

A thin f£ilm thermocouple detector, suitable for use with lasers
operating in the middle and far-infrared region of the spectrum, has
been developed., It utilizes a 1000A° -thick film of bismuth or silver
on beryllium oxide substrates [39]. Measured response times are
approximately 10-7sec. The respbnsivity is found to be 4u V/W and

/2

the noise equivalent power is of the order of 10-7 W/Hz1 .

3.4.2 Thin Film Bolometers

It has been reported [40) that thin film bolometers have been
proven useful as room temperature laboratory detectors for pulsed
infrared and far-infrared lasers. These detectors are fabricated by
the deposition of thin films of bismuth or nickel on beryllium oxide
or silicon dioxide substrates. The measured response time is less
than 15 nsec, the NEP is found to be less than 10-6 W/Hzllz, and the

responsivity is from 107 to 1073 v/u.

3.4,3 The Photon Drag Detector.

The transfer of momentum from a photon stream to free electrons
and holes in germanium has been studied [41], [42]). It is shown that

a Q-switched CO, laser can transfer sufficient momentum to produce a

2

longitudinal emf or current in a germanium rod. This effect provides



~ -13
a useful, high speed ( ~ 10 1 sec ) detector, with a responsivity

of approximately 1077 V/Vi, operating at room temperature.

10.
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CHAPTER III

Theoretical Analysis of the Effect of Submillimeter

Radiation on Tunneling Devices

1.0 Introduction

Two basic types of tunnel barrier devices are considered for the
detection of submillimeter radiation, They are the metal-oxide-semicon-
ductor MOS structure [13] and the tunnel diode [14].

Quantum mechanical tunneling describes the situation where a particle
passes through a narrow potential barrier instead of surmounting it, with-
out change in energy. Both of the above mentioned devices are character-
ized by having low enough barrier heights and thickness in order to allow

an appreciable tunneling probability to exist.

2.0 MOS Devices
2.1 Physical Structure

Figure 1 shows the MOS structure which consists of an oxide grown on
a single crystal semiconductor wafer of known doping concentration.
Figure 2 represents the energy diagram for én MOS structure, where the
oxide layer acts a a rectangular potential barrier betwecen the metal and

semiconductor layers. ¥

o and ?s , called the work functions of the metal

and semiconductor respéctively, are of the order of 3 to 4 electron volts.,
When the oxide layer thickness is less than about 1004° an appreciable
tunneling probability ezists for electrons across the rectangular energy

barrier.
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III. 2.2 Proposed Detection Mechanism

Three possible ways of using MOS structures as far-infrared detectors
are shown in Figure 2,

Case (a): This is the case shown in figure 2a where the semi-
conductor is degenerate in order to allow a substantial absorption of
radiation. If radiation, incident on a semiconductor is absorbed by free
carriers (in the degenerate conduction band in this case) their energy
will be increased above the equilibrium value by hv (where h is Plank's
constant and v the radiation frequency) resulting in a change in the tun-
neling probability and correspondingly a change in current., In this con-
figuration, radiation is absorbed along the whole length of the radiation
beam in the semiconductor region. The amount of electrons excited near
the barrier, which are, as shown later, to be the ones mainly responsible
for the tunneling current, is reduced because of the large amount of ab-

sorption in the bulk of the semiconductor,

Case (b): Clearly an improvement on the preceeding scheme is
when a degenerate semiconductor is created only near the barrier region,
figure 2b. An n;type semiconductor with a metal having a2 much lower work
function is used. 1If the difference in work functions is large enc-gh,
the conduction band edge of the semiconductor will bend down below the
fermi-energy producing a strong accumulation region near the barrier [16].
This bending of the bands can be further increased by applying an appro-
priate bias. Thus most of the absorption will occur only near the barrier.

In this case however, it can be shown that the total amount of absorbed
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pover within the relatively narrow accumulation region is very small thus

reducing the efficiency of the device.

Case (c): In the third case, figure 2c, a high resistivity
semiconductor is used which has very few free carriers to absorb any
radiation, thus the semiconductor is practically transparent to sub band
gap radiation. The radiation passes through the semiconductor and barrier
and is strongly absorbed by the metal at the metal-oxide interface region
because of the large number of free.electrons in the metal. Once these
electrons have been excited to a higher energy level, they will tunnel
through the barrier into the semiconductor as shown in figure 2c.

Since the fabrication of tunneling MOS structures had to be first
perfected before they could be used for the proposed detection scheme,
therefore it was decided at this point to use, for the rest of this
work, an already well known tunneling structure such as the tunnel

diode for the purpose of investigating its response to far-infrared

radiation,
3.0. Tunnel Diodes
3.1 Introduction

In 1957 it was discovered by L. Esaki that very heavily doped
p-n junction diodes with impurity concentrations in the order of
10'° Cm% exhibit a peak current at low voltages in the forward part of
the current-voltage characteristic., This effect was successfully ex-
plained by the quantum-mechanical tunneling of electrons through the

p-n junction potential barrier.
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Figure 4
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Current-voltage characteristic of a tunnel
diode.Inserts show the relative positions
of the bands and the paths of electron flow

for three principle components of current,
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The current-voltage characteristic of a tunnel diode is explained
with the energy band diagram of the device shown in figure 3, The current-
voltage characteristics of a tunnel diode, figure 4, consists of three
regions:

1) In the reverse and low forward bias region, the current is

the result of quantum mechanical band to band tunneling,

2) The current at intermediate forward bias is the excess current
which is attributed to tunneling via localized states in the
energy gap.

3) The current at high forward bias values is the usual p-n

junction thermal current.

IITI. 3.2 Proposed Detection Process

III. 3.2.1 General Description )

Since the semiconductor of an Esaki diode is made of degenerate
material, there are many free carriers available to absorb the far infra-
red radiation (see Appendix I). It is assumed that when an electron
absorbs a photon its energy will be increased by an amount equal to the
photon energy. These higher energy electrons, called "excited electrons'
will cause a current change in the device which will be used for the
detection of the incident radiation, The remainder of this paper will
deal with the theoretical study and experimental results of a tunnel

diode's response to far-infrared radiation,
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III. 3.2.2 Evaluation of the energy dependent density of radiation
excited electrons . :

Let N(E) be the density of electrons excited to an energy level
E, and n(E) be the density of unexcited or equilibrium electrons at
energy E, i.e.
n(E) = g(E) £(E) 1)
where

g(E) is the depsity of allowed states at an energy
level E

and
f(E) is the fermi distribution function.

Suppose that an n-type semiconductor is uniformly illuminated
along its whole length, as in Figure 5a, with radiation having an
energy hv per photon. If this radiation is absorbed by the free
carriers, it is assumed that the density N(E) of electrons excited
to an energy E is proportional to the density of unoccupied energy
states at E and the number of occupied states at (E-hv).

Then the density of electrons excited to an energy E is

N(E) = K' g(E)[1 - £(E)] g(E-hv) £(E-hv)
where K' is a proportionality coefficient under the condition that
the integral of N(E) over the whole conduction band equals An defined
as the total number of excited electrons per unit volume, i.e.

An = [ N(EME = [ K' g(E)[1-f(E)]g(E-hv)f(E-hv)dE 2)
Ec

E
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In degenerate semiconductors

2
g(E) « EI/ assuming band parabolicity,

.. NE) = K AEE-hv) [1 - £(E)] £(E - hv) (3)
Let N, (E) be the net number of excited electrons at an energy E

which is equal to N(E) the number of electrons excited to E minus

N(E + hv) the number of electrons excited from E , i.e.

Nnet(E) = N(E) - N(E + hv) %)
This expression is valid over the whole conduction band and at all
temperatures.

At T = 0° K and if hv <'EF , expanding //E?E_t—ggs into a
Taylor's series and retaining the first two terms only, a simplified
expression is obtained:

Npet (E) ® K(E - hv/2) for Ep <E < Eg+hv

N

net(E) ® -K(E + hv/2) for Ep - hv <E < Ep (5)

Nnet(E) ~ 0 elsewhere.

In the energy range Ep~hv < E < EF’ the negative value for Nnet(E)
denotes an absence of electrons, since the elctrons which have becen
excited to higher energy levels have been extracted from energy levels

in that range, see Figure 5b.

ITII. 3.2.3 Evaluation of the proportionalitv coefficient X at T = 0%k

Examining equations (&) and (3) at T = 0°K it is readily seen
that R(E) = N,e¢(E) for E > Ep. Thus substituting equation (5) into

equation (2) we get
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EF + hv

hv
f K(E - 5~ )E = An ' (6)
Ep

K can be assumed to be independent of energy as it will be shown
in section 3.2.4. Thus integrating equation (6) and solving for K ,
K = —4r (7)
EFhv
Now putting (7) into (5)
: An hv
N(E = -~ (E - < when < E < E_+ hv 8)
(E) E ( ) Ep Ep (
The zero-order approximation would give N(E) a constant if hv << Ep,

i.e. E -« hv/2 = Ep. Then

N = An (9)
hv
IITI. 3.2.4 Justification of Energy Independence of K

For the evaluation of N(E), the assumption that the proportionality
factor K was independent of E was used. This factor implicitly involves
transition probabilities between twostates with momentum vectors k and
k' at energy levels Ey and Ek' . One of the forms for writing the transi-

tion prrbability Pyy+ is [17]:
P+ = const. W i(k-k")? &(E ,-E -hv) (10)

where W is in the formof the usual probability per unit time found

kk'

when scattering between states at the same energy is considered;

E., and E

K are the final and initial energy states;

k
The Kronecker Delta B(x) = 51 iff » =0

0 otherwise .
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Thus since the transition probability is independent of E and depends
only on the difference between initial and final states denoted by their
momentum vectors k and k' , the assumptioh that K is independent of energy_

is valid.

3.2.5 Probability Distribution Function for Excited Electrons

We can assign the excited electrons a probability distributionfunc-
tion Fl(E) defined as the ratio of occupied states N(E) to available
states g(E) at an energy E,

Fi(E) = N(E)g(E) . (11)

This quantity, as will be shown in the next section, is important
in determining the magnitude of the incremental tunneling current due
to the excitation of electrons. The magnitude of Fl(E) can be found
easily in terms of known quantities if the following facts are considered.
Since the energies E in question do not deviate much from Ep i.e.
hv << Ep , it can be assumed that g(E) X g(Ep) for all E.

Now the total number of free carriers n in the conduction band

equals the donor doping density Np for a degenerate material.

Ny = n = [ g(E) £(E) dE
but 3/2
g(E) _fﬂﬁgﬂfl__ 51/2 (12)

h3

4 * 3/2 1/2
—-——”(g"‘ ) gt g

o h
3
2 4st (2m*
= 255 %
h

12 1/2
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= 2/3 Ep g(Ep)
CLosep = 3, X (13)
EF .

... FI(E) = IL(.E_)_ = Ln &-hvlzj Z_ E:E.

g(EF) EF hv 3 Np
7 = jonG (14)

ND hv
and if E - hV/z X Ep for all E
then Fp = 2 an FF (15)
3 ND v

Thus the ratio of An to Np will be an important quantity in

determining the tunnel current due to excited electrons.

III. 3.2.6 ""Quantum EfficiengX"
£ ] : £
- | Ehy E+h
3 v
£F — _r _ -
- E-hv
£e - 72E) e 7E)
T=0° 7>0°

Figure 6 Temperature Dependence of n(E)

At T = 0, every electron that absorbs a photon at an energy E causes

an absence of an electron at E (refer fig. 62) and an excited electron at
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E + hv. This vacancy at E, caused by the excitation of an electron, can
be regarded as the creation of an "“excited hole'" at energy E. On the other
hand, no other electrons from E-hv can be excited to energy E. This is
due to the unavailability of states at E as is illustrated by the factor
[L-£(E)] in equation (3), since £(E) = 1 for all energies below the fermi
level if the presence of "excited holes'" are neglected. Thus one can say
that for every photon absorbed an excited electron and hole exists and in
this sense the quantum efficiency is unity.

At finite temperatures there are already both empty and occupied
states at certain energies E, below and above Ep, due to the thermal tails
on the fermi distribution function as shown in equation (1). Thercfore a
"hole" can be created at the energy E by an electron going to E + hv as
given by the term N(E+hv) in equation (4), but also an electron can be
excited to the level E from the lower energy E - hv . Thus the effect
is that for one excited electron at E+hv, on the average more than one
photon has been absorbed. Therefore the effective quantum efficiency
will be reduced at finite temperatures.

From equation (4), various excited electron concentrations have been
computed on a computer and are plotted in Figures 4la and 41b. The dis-

tributions depend strongly on the temperature and hv,

3.2.7 Definition of An

The parameter An was defined as the total number of electrons per

unit volume that are excited by the absorption of radiation. Generally
An = G+ A

where G is the rate at which excited electrons are generated, and 7

is the electron energy relaxation time

G = ng! Y

hv
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where

P is the absorbed power per unit volume at a point x ,

hv is the energy per photon,

Y is the quantum efficiency.
The quantity P/hv  is clearly the number of photons/vol-sec. that are
absorbed. If T(A,x) is the total power of the beam of cross section A

at a point x, the power volume density is then

=‘a BH(A,X) =-_a__
P(x) 5 | " ] = I(x) .

where I(x) is the power per unit area.
Since the power decays exponentially as it is absorbed in the
material, i.e. ;
I(x) = I, e” &%
where I o 1is the incident power per unit area,

a is the absorption constant.

Then

P(x) = al e ¥
and nx) = grlo ™y (16)

hv

I1TI. 3.3 A Simple Approach to the Evaluation of the Electronic Currents

Through a Tunneling Barrier Due to Excited Electrons

Suppose the n-side of a tunnel diode (see Fig. 7 )is uniformly illumi-
nated with photons of energy hv at the rate of G photons per sec. Assum-
ing that this energy is absorbed, with a quantum efficiency of unity, by
the free carriers in the degenerate conduction band, it causes a shift in the
concentration distribution about the fermi-level as indicated in the pre-

vious section.
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The n-region can be divided into two parts; region A, located within
a mean free path length "2" from the tunneling barrier; and region B, the
remainder of the bulk region.
Within the mean free path region and through the barrier, a tunneling
current exists consisting of two components:
1) The first component arises from electrons within the mean
free path that are not affected by scattering and relaxa-
tion processes and tunnel directly after being excited.
The number of these electrons per sec. and per unit junc-
tion area in the mean free path " 2 ' 1is given by £G ;
clearly only £GT, of these electrons tunnel through the
barrier where T is the probability of tunneling through
the energy barrier at the junction.
2) The second component of current originates from the density
of steady state excited electrons, An(£), at the barrier
which strikes the barrier with a velocity v, . Of these
A n(L) excited electrons, only A n(£)T are able to tunnel.
Therefore at the barrier the total excited current Jex is

the sum of these two current components,

Jox = = [ £GT + v, An(£)T ] an

III. 3.3.1 Calculation of An (2)

Assume for simplicity that 0 <x < 2
An = An (£) i.e. a constant in the mean free path
region.
The detailed continuity equation in this region can be written

as follows:
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Q) _ o s g (18)

where
an (£) is the net rate of recombination,
T
V.J-is the rate of change of the current/unit length in the mean free

path region and is given by GT.
. : L] B
Bgﬁn 2 = (1 - T)G - A——J——ln’r (19)

From this equation it can be seen that the effective generation rate
in this region has been reduced since TG electrons per unit volume have

left directly without partaking in the relaxation processes,

At steady state 9(An) _ o
ot

. m() = (1 -T)Cx (20)
Figure 8bshows the concentration profile of An (x) in the two regions.
In the bulk region where there is no tunneling electrons, the number
of excited electrons is given by the usual expression G7 .

The total ‘e.\:cited c:..xrrent can now I;e writtcn'és:

Jex = =9 [ £GT +Vx(1 - T) GTT ] : (21)

1If £ 2 v T and T < <1 , then
Jex ~ -2qv;7TGT

(22)
~ -2q/GT

This is a simplified expression for the excited tunnel current in
one direction only, i.e. it neglects the prescnce of "excited holes'. It

also treats all the excited electrons as if they were concentrated at one

energy level, Nevertheless, it is a useful expression in determining the
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order of magnitude for the excited current and it also includes most of
the important parameters determining this current. A more rigourous
derivation of the tunnel current taking into account energy dependences

is given in the next section,

III. 3.4 Composition of the Tunnel Diode Current

For a tunnel diode as shown in Figure 9, current or the number of
electrons striking the junction per sec, per unit area of junction is
given by the product of the electron density of occupied states in a

band and the velocity of these electrons in the appropriate direction.

Thus the incident current from the left hand side in Figure 9 is calculated as:

1
dJi = -quy 73 £7(E]) dk, dky, dk,

where k; - momentum vector in the direction i,

1 - density of available states in k-space.

b3

2

|
-

g |
|

£, !L 1£2

{
T I'_L ==
L |
; |
|

Figure 9 Band Diagram of Tunnel Diode

!
e\ o]

By definition of the transmission coefficient T, the tunnel current

dJt through the barrier into the energy band on the left hand side is
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related to dJi through T . dJt must be reduced by [1 - fz(EZ)] for a
partially filled band where El and E, in the distribution functions

represent the initial  and final energy states as shown in Figure 9 .
Therefore the current due to electrons going from the conduction band

of region 1 to the valence band of region 2,is:

Jt(cw) = [[ -q %} T £,(E;) [1-£5(E))] m* d E, d E
2 2 ® i 2
where E4 = Tﬁgﬁl_:;ff_? 3 B = Ky 3 m* is the effective

2m* 2m*
mass of an electron.

Subtracting the current from the opposite direction Jt(v—c),

the total tunneling current is:

4y
g = [[ a3 T [£1(E))-£,(E)]m* d B, dE, (23)

The transmission probability given by Kane [18] for direct tun-
neling, i.e. for tunneling between the conduction and valence band

extrema at the same point in k-space is:
2 1/2 3/2 L1/2 -1/2

. -% m* Eg ~2 m* Ey E

T = Z- exp exp G

2 hq & h oa &

wheref is the electric field in the junction area.

(24)

Germanium being an indirect gap material, it would be expected that
T should be modified extensively for this case, however, it has bLecenob-
served that the transition in Ge tunnel diodes, with P or As doping,
occur without phonon assistance [38]. The momentum selection rules appear
to have changed due to the heavy impurity concentrations. Consequently,
it is found [24] reasonable to apply Kane's calculation for direct transi-

tion as given in equation (24) to the case of Ge diodes

— 2hq€
Let Ej = ——7— (25)
then .
= 9BE_ “Ec . .- . ~ (- ;) o
Je = cxXp =]/ £ (E)-£,(E : dE. ¢ 26
18#!'&3 (EL)JI [1() 2( )] exp 4::— EjCE (26)

To evaluate the tunncling current duc to the excited c¢lectrons,

equation (26) is rewritten in the following form by grouping all the
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constants into A'.

Jt = A'ff fl(El) -f2(E2) (E )dEJ_dE .
The limits of E. are 0< E:r < El

since the total energy E = E, + Erand the momentum in the transverse
direction must be conserved.
. Let Es be the smaller of Ej and E, .

Now integrating once wrt dE_«

gt = AJ [fl(El) - fz(Ez)] [1 - exp( 255\—_} dE (27)
where A= em* Ey exp / “EG_\
3603 \ 2E; /

In the calculations to follow, only currents due to excited elec-
trons and holes are considered. The normal D-C components of current
are neglected. The distribution functions f; and £, for excited car-
riers are:

£, = O since no excited carriers are assumed to be

in the valance band

and £, = K when EF“ < E < EFn + hv
where Fl is the distribution function of excited
electrons, and Ep is the fermi level in the conduction band,
n
similarly fl = -Fy when(EFn - hV) < El < EFn
where -Fl indicates the presence of excited holes in
this energy range.
I1I. 3.4.1

Case (a) corresponds to the conditions that the amount of degeneracy " p
in the p-side of the diode is less than the armount of degeneracy . n in the

n-sidej the radiation energy hv is less than pj and the applied bias qV is

less than the quantity { p-hv . Refer to Figure 10.



Substituting the appropriate distribution function for excited

carriers into equation (27),

Jt = A f -F (E1> 1 -exp -2( €p -qV - E ):]
-hv
Es

hv
+ A f F1(E1)[1 - exp - 2( {P-qV-E )] dE
o Ex

For simplicity we use the zero-order approximation for Fl(E) = const.
given as in equation (15). Then

Jt = 2AF, Ei exp - 2( §p-qV ) sinh> hy . (28)

1 =
E. Eg

III. 3.4.2
Case (b): In this case the conditions are that qV = { p,

n > Cp, and hv < {p .

Referring to Figure 11, the tunneling current is expressed as:

-A F, J' [1-eyp-2ghv-5]

E,
-AF hv - 74 <1 - exp (-2hv ))] (29)
1[ 2 Es

This expression can be further simplified if it is assumed that

Jt

hy < E:. N i.e. for radiation of wavelength « > ) > 100.m.
2 2 '

Then
Jgt % - AF(hv)® (30)
—_—
Es
III. 3.4.3
Case (c): The previous calculations have dealt with the excited

tunneling current when the condition that hv < 7 p is satisfied., YNow
consider the condition when hw > J p -but still less than 7 n in order

that the condition F; = const. is still ensured. Refer to Figure 12.
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Figure 10 Case a) hv <{p <¢{n ,

/
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Figure 11 Case b) hv <¢{(p <¢n ,

SR c—
j/ .

Pigure 12 Case ¢) §{p <hv <{n ,

qV <{p - hv

qV = {p

33.
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qV
gt = AFp(hv) 2" [1 - exp ’Z_(E_Rﬂ:]dg - [r-ew 'Z(CP‘E)]dE}
v Ex qV-hv E -

Jt = -AFqy lhv - ((p-qV) + Eé:.[} - 2exp - ch'qv:]+ Ex exp ~2(tp-qV-hv)
1 E 5 E

since hv >{p = EL ; the last term may be neglected.

R T -AF] (hv - (§p-qV) + E_—L[l_kxp_iﬁg_‘_‘l‘{l] } (1)
4

It can be easily seen that the first term is the current contribu-
tion from "excited holes', and is the dominant te;m at all bias, while the
second term is from only those excited electrons that can find available
states in the p-side. The last term depends strongly on applied bias
voltage. At zero bias it is a positive term while at qV = {p it is a
relatively larger negative term. The voltage dependence of the tunneling

current for this particular case is shown in Figure 13.

F/he3
$p St b5n -V
] -
|
i
“
hv §
Figure 13 Case ¢ : Current vs Voltage

for {p < hv < ' n.
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3.5 Magnitude of Excited Tunneling Current

To calculate an order of magnitude for the excited tunneling current,

let us consider Case (c) where §{, >hv > Cp ~ E. . From equation

(31), the maximum value of Jt is approximately
Jt max = -AFlhv (32)

The D-C peak current is similarly evaluated at absolute zero temperature

from equation (27) as:

qV
= A - -2¢ bp-
Jp-c [ [1 exp -2( p_E)j dE
E1
x - Ex
Ip-c A(C¢Cp = ) or

if an order of magnitude is only wanted

Thus the ratio of signal to D-C current is

Jt/dp.c = Fyhw /§p (34)
From equation (15),
l-'1 <~ An Cn
Np hv
Then Jt  An

A
el i)

—

Jp-c D
where in general {n /: p '< 10,

Therefore an order of magnitude for the currents ratio is given

by T
J_t =~ %’ . (35)
Jp-C D : :
3.5.1 Typical Parameters for 2 Germanium Tunnel Diode

The impurity doping densities are assumed to be
Np = 2 x 1019/.23; B, = 109/..3.

Gap energy Eg = 0.67 ev.
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Effective mass for an electron m, = .16 m,
" * " a heavy holem, = .40 m,
" " a3 light hole m, = .04 m,

The tunneling effective mass is found to be the reciprccal sum of
the electron and light hole effective masses [19]. Therefore the tunneling

effective mass m* is given as,

1 _ 1 1 _ 1
m* mg + mg .032 mg . (36)

The fermi-level penetrations {n and ¢ p are evaluated from

the equation 2/3
o = ﬁ (2> ND2/3
8m s
e
Substituting into the above equation appropriate values
5 n = .14 ev.
Similarly
Sp = ,04
By definition _
Er = 2% e& = .036 ev
5 /2
n m *E;

where & , the electric field in the junction

= 4,6 x 105 v/cm.

In addition, the radiation from a co, laser with photon energy
hv = 0.11 ev. is absorbed in the degenerate germanium tunnel diode,
the absorbtion coefficient a = 0.07um°1 as calculated in Appendix I.
Also it is assumed that the power absorbed at the junction of the tunnel

diode is 1 watt/mm2. Then from equation (16), which gives 4Ln as,

An = al” , and assuming a
hv

relaxation time of ¢ = 10'135ec, we get by substituting into equation (33)
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that

Jt/J = 3.6 x10° )

D-C

If the D-C peak current is 20A, as in our diodes, the expected

tunneling current due to the excitation of electrons by the laser is
It = 3.6x10°x20 ¥ 7x1077 a.

This value of current is based on the assumptibn that the active
cross~section areas of the two cufrents are equal and therefore the
current responsivity Ry = 7 x 10-7 A/W. PFrom the I-V characteristics,
the diodes dynamic impedance is about 0,006 Q . Therefore an open
circuit voltage equal to 4 x 10-9 volts and a corresponding voltage
responsivity R, = 4 x 10"9 V/W is expected as the signal generated due

to excitation of electrons by laser radiation.

I1I. 3.5.2 Limiting factors in the Responsc Time

The basic parameters that would limit the speed of responseof the

excitation signal are the energy relaxation time, the tunneling time, and
the inherent RC time constant of the device.

The relaxation time as found in the literature [20] is of the order

of 10713 gec.

Franz [21] has on the other hand given an expression for the tunneling
time through a rectangular barrier as:
h

N
- 1 1
T Jgg 7 (qu Tk, ) (7

where El’ 52 are the kenetic energies of the particle before and after
tunneling,
Ey = the barrier height wrt. the encrgy
of the particle.

If the tunnel diode barrier is assumed to be rectangular for an

order of magnitude calculation of the tunneling time, and

E = EG 0.7 ev
El = EZ EF ~ 0.1 ev .

then, - = 10 sec,

L2
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From the previous considerations, response times of 10'13

sec. can
be expected. Thus the RC time constant will actually dictate the upper
frequency limit of this device. Since tunnel ﬁiodes presently operate
in the tens of gigacycle frequency region as oscillators and amplifiers

[22], it is expected that the time response for the detection of modu-

lated radiation will be in this range.

3.6 Noise in Tunnel Diodes

3.6.1 Introduction

Two significant scources of noise occur in tunnel diodes. First,
the thermal or Johnson noise is associated with the spreading resistance Rg
of the diode, and is taken into account by introducing an appropriate
current or voltage generator AVt 2 at Rs in the tunnel diode's equivalent
circuit, Figure 1l4. Secondly, shot noise will be produced by the bias
current of the diode. As this current is determined by the diodes char-
acteristics, the noise generator in2 is introduced in parallel with gd
the dynamic conductance of the device., 1In addition, there will be a

2 . . ens .
noise generator iL associated with the equivalent load conductance gi,.

3.6.2 Thermal or Johnson Noise

This type of noise originates from the random thermal motion of
charged carriers in the conducting regions of the device. Its magni-

tude in terms of a mean square voltage is given as:

V2 = 4 kg TB/G (38)
or in terms of current
A 1t2 = &4 kg TGg B (39)



where Gg is the conductance of the material
T 1is the temperature
kB is Boltzman's constant

B 1is the measuring instrument's bandwidth,

1II. 3.6.3 Shot Noise in Tunnel Diodes

Shot noise is generated in the diode barrier as a result of two
electronic currents flowing across the junction barrier in opposite
directions. Electrons tunneling from the conduction band to the valence

band give rise to a current which can be expressed as follows:

IC-‘V

A IE" £.(E) g (E) g,(E) [1 - £(E)] T, dE (40a)
Ec

= Ig
where f£; 1is the fermi function in band " i " ,
'g; 1s the density of states in band " i ",
T — is the transmission probability from conduction to
valence band,
A is a proportionality constant.

Similarly the current from valence to conduction band is written

as:
A IE" £,(E) g,(E)[1 - £.(E)]g . (E) T, _. dE (40b)

Ec

I'V—’C

= Iz.

The total external current is given by the algebraic sum of these
currents as is shown in Figure 16.
However, since the individual shot noise currents are uncorrelated

(to a first approx.) their noise contributions add on a power basis.

39.
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= (413)
Let Teq IE + IZ
but the measurable diode current Id = Ip - I, . (41b)
Assume that Tc_._v = 'I‘V__c .
By definition fc(E) = 1
and 1 + exp(E - EFn)/kBT
£,(E) = 1

1+ exp (E - Ep )/kgT
P
Also the external applied voltage given by qV = EFn - EFP

therefore f (E) = 1 = fc(E + qV) (42)
1+ exp(E + qV - Ep )/kyT

Substituting expression (42) into equations (40), (41),

I A [ f.(E)[1 - £.(E + qV) ] O(E,V) dE

(43)

I, = A J £.(E + qV)[1 - £.(E)] 6(E,V) dE

where @(E,V) = g (E) g, (E)

Now using the definition of f.(E) and some numerical manipulation

-qV/kT
f,(E+ qV) [1 - £.(E)] = £.(E)[1 - £, (E + qV)]&E
Substituting this expression into cquation (43)
,-qV/kT
I, Iz
Hence using equation (41b)
Ip = _1d H IZ = Id (64)
1 - z-qV/kT ﬂqv/kT -1
Thus Teq = Ig + I, = Id coth qV/2kT (45)

From the above equation it is seen that if the appliecd voltage is

greater than kT , Ieq =1d , the measurable bias current.
q

To find the shot noise current at zero bias, i.e. when V — 0 and

Id— 0 , equation (45) rmust be evaluated in the limit as V— 0 ,



41.

\'
Then 1lim 1Ieq lim ( Id coth d /ZkBT )
V-0 V—~0

= lim Id .
V=0 tanh qv/ kgT

By applying L'Hospital's Rule

lim Teq _  2kgT de/ (46)

V—0 q dvfv=0

The noise current generator associated with shot noise has a

mean square value
L2
in
and inz = 4kBTBQlQ when V =0
dv | V=0

2¢e Ieq B when V #0
} (47)
- Note that at zero bias the shot noise is equivalent to the thermal
noise of a device with a dynamic conductance dId .

dv

3.6.4 S/N Calculation for the Detector Circuit

Figure 15 shows a simplified form of Figure 14, where the spreading
resistance Rs and the reactive components have been neglected. The sig-
nal generator ia.c has been inserted in parallel to the dynamic conduc-
tance gd of the tunnel diode, where iar.c is the excitation signal.

The shot noise power output of the diode detector is:

ed =  id? =  2q Ieq B

( gd + g)2 (gd + gr)
The noise power from the equivalent load conductance is:

2 4kgT B
eL = ——— .
(gd + gp)

Thus the total noise power output is:

enz = edz <+ eLz = 2q qu B + (‘kBT(gd + gL)B
2
(gd + g;) (gd + gL)z
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Figure 14 Tunnel Diode Equivalent Circuit

2«@ DE-TVRP—

Figure 15 Detector Model
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Figure 16 Shot Roise Current Components
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2
2 .
The signal power output ey, ¢ = 1a.C
2
(gd + g1)
. 2 i 2
. . s§/n = eaC = a.C (48)
en? [ 2q Ieq + akBT(gd +g;) 1B
3.6.5 Numerical Value for S/N

Typical values for the parameters in’equatiOn (48) are:

gd = 200V, g, = 0017,
kT = .04 x 1071 uhen T = 300° K
qu = Ip.c when the applied voltage is greater
than a few kgT as is shown in equation (45).
Thus 4kgT(gd +g) = 3.2 x 10718
and 2q Igq = 6.4x 10718 hen qu = 20 4.

Therefore it can bee seen that the two terms in the denominator
are of the same order of magnitude. Thus equation (45) can be written

in the form: 2

i
s/ = —AC (49)

4q qu B

In section III, 3.5.1, it was shown that the excited tunneling

current iA(: = 7 x 10'7 A . Therefore for unit bandwidth and an

incident radiation level of 1 watt/mmz; the

S/ = 4 x 10[+ .



CHAPTER IV

Heating Effects

1.0 Introduction

In the previous analysis of the perturbation of the tunnel current
produced by the excitation of electrons to a higher energy level due to
the incident radiation, it has been implicitly assumed that the free
carriers are loosely coupled to the lattice so that the energy they ab-
sorb does not raise the temperature of the sample. In otherwords, it
was assumed that the radiation produced hot electrons whose effective
temperature is above that of the lattice or the sample itself.

If the sample actually does undergo temperature change, two main
thermal effects can produce additional electric signals. They are the
thermoelectric or Seebeck effect which gives rise to a voltage AV if
a temperature difference AT exists across the device according to the
general relation AV = - aAT (50)
where « 1is the thermoelectric power, or Seebeck coefficient ,

The second thermal effect is a bolometric action where essentially
the resistance R of the device changes by AR with a change of AT in
temperature , an incremental voltage thus appears across the sample

AV = 1 AR (51)

where I is the current flowing in the device.
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One important difference between the two effects is that the thermo-
-electric voltage is independent of bias, and exists even in the absence
of the latter, whereas the bolometric effect depends entirely on the D-C

operating point of the device,

Iv. 2.0 The Thermoelectric Effect

The thermal behaviour of our tunnel diode device can be represented

schematically as follows, and the physical structure of the diode is shown

in Figure 19 .

Etched Surface : Diode Junction

hv T. 3 Th Ty

Figure 17.

Tunnel Diode Thermal Circuit

where PN is the diode itself, Cu is the copper casing of the diode and the
connected heat sink; Ag is the silver lead attached to the alloyed N regionj;
w represents the electric wires attached to a voltage measuring equipment.

The various T's are the temperatures at their respective positions. Thus,
Tg 1s the temperature of the heat sink

Tp is the temperature of the exposed surface

of the semiconductor,
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T. is the temperature at the junction of the diode,

T is the temperature at the junction of the n-type
material and silver lead,

T, is the temperature at the end of the silver lead,

To is the temperature of the measuring apparatus.

Now,
dv = - dT

where dV is the incremental voltage across a material of thermoelectric
power o when an incremental temperature difference dT exists at its

ends. Thus integrating around the circuit of Figure 17,

V = op (Tp-Tj) + an(Tj-Tn)-ow(Tg-Tx) <acu(Tp-Tg)@Ag(Tx-Tn) (52)

iv.2.1 Numerical Magnitude of the Thermoelectric Effect

For metals the values of a; are [ 23 ]:

a copper + 1.73 pv/K°

a silver + 1.35 pv/K°

On the other hand a well known expression for extrinsic semiconductors

is [ 23], .
k
a, = + B r + 2 + £n Ne (53)
— q c 2
Ne
where
r, is in the order of unityand it depends on the

phonon scattering mechanism,
Ne is the effective density of states in a band,
Ne is the impurity doping concentration.
The sign of xs is positive for p-type material and negative for n-
type [ 23 ]. Since N, >> N, for non-degenerate semiconductors their

thermoelectric powers approach millivolts per degree.
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The trace with higher peak current and lower valley

current corresponds to a temperature of 77°K.

at room temperature -~ 300°K.
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In our case the semiconductors are dégeneratq;and their thermo-
electric powers should be related to tho§e of metals. As no definite
values of the thermoelectric power for degenerate semicShductor; could
be found in the literatuye, approximate values are estimated as follows.

Theoretically [ 23] , the thermoelectric power of a metal is

given as _ . - . .
am = TKkp kgl _ (54)

2q Ep . g . -
This expression gives a value of IOuV/KP at room temperature for a
fermi level Ep of lev . Since the fermi-level penetration in tunnel
diodes is typically 0.1 ev,, the thermoelectrié powef‘is estimated to be
+100uV/K® for op and -100pV/K°® for a, . This assumes that the de-
generate semiconductors retain the same polarity sign for thei; a's as
they possess in the extrinsic case. '

Note that according to equation (54), these thermoelectric powers

vary linearly with the ambient temperature.

3.0 Bolometric Effect

As was stated previously, this type of thermal effect is caused by
a change in the resistance of a device or more rigourously a change in
its I-V characteristic with temperature. The tunnel diode's I-V char-

acteristic can be divided into threc regions as is shown in Figure 4,

3.1 Region 1 - Current due to Band to Band Tunneling

The tunneling current in this region can be rewritten from equation
(27) in the form

Jt = const. D exp(-x Eg) (55)
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where D and E; are temperature dependent terms. The negative value of
BE(::
Jt

The quantity D is an overlap integral which determines the shape of the I-V

means the exponential term gives Jt a positive temperature coefficient.

characteristic in this regionj it has the dimensions of voltage and depends
on the depth of penetration of the fermi levels into the energy bands, { n
and {p3; D wiil be essentially constant with respect to temperature as
long as .C n and § p are large compared to kT. For lightly doped diodes

as in our case , the drop of D with increasing temperature reduces Jt

since the fermi level penetrations decrease with increasing temperature,

that is to say the semiconducting materials become less degenerate.

3.2 Region 2 - Excess Current

The excess current is mainly characterized by its exponential increase
with voltage. It extends from the minimum current point of the I-V charac-
teristic to the thermal current region. This corresponds to a voltage
range ecquivalent to more than half of the band gap energy value.

The excess current density is expressed [24] as
Jexc = D'exp [«a'(Eg - eV +Q) ] = D'exp(qz'vj) (56)

The quantity Q is a function of the sum of the fermi level penetrations
(Q= .6( ¢, + gp), [24] ). D' is a function of V and represents the
variation of the density of impurity states with energy within the forbid-
den gap. The increase in valley excess current density is attributed to
the variation of Vj in the exponential term which tends to increase the
current with increasing temperature since both EC and Q have negative

temperature coefficients [ IV, 3.1 ].
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3.3 Region 3 - Thermal Current

At a large forward bias, the conductance is mainly determined by
the thermal current, i.e. by the flow of carriers cver the potential
barrier due to the space charge region at the junction which is reduced
when a forward voltage is applied; consequently, the diode current in
this region should depend on voltage as exp(eV/akT), with 1 < a < 2 in
most common cases [25], [26]}. For a conventicnal diode the cﬁrrent is
expressed as:

\Y
J = Js (e q /akT_

1] (57)
where Js is called the saturation current density which has a very

strong temperature dependence; it is defined as [27]:

-EG

J = t. —_— g
s cons e T (58)

Since Eg >V , the saturation current term contributes mostly to
the variation of the total current density with temperature. It is

found that

Y

g% =-% aEg - V) --lf—aEqE (59)
J,Eg q
In conclusion the I-V characteristic variation with temperature

of a lightly doped degenerate diode can be summnarized as shown in
Figure 18, which shows an actual characteristic of a tunnel diode at
room and liquid nitrogen temperatures, Notice that in the low voltage

region the current variation with temperature is much lecs than in the

excess and injection portion of the characteristic.

3.4, Numerical Magnitude of the Bolometric Effects

Our studies of the effect of temperature on the voltage characteristics

show that the valley V|, and forward voltages Vg ,the latter being the
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voltage at which the excess-thermal currents equal the peak current, Figure 18,
were reduced with increases in temperature at an average rate of approxi-
mately 0.8 to 1.1 mV/%C respectively. These values compare to the voltage
decrease with increasing temperature of conventional Si and Ge diodes,
which occurs at a rate of approximately 2 mv/°c [14] .

The smaller dV/dT coefficient of tunnel diodes than that of conven-
tional diodes is attributed to the existance of appreciable excess current
components at V,, and Vp ; the excess curfént being less temperature
sensitive than the injection current component [14].

The peak voltage also decreases with increasing temperature but at
the much slower rate of 0,1 mv/°C. This temperature dependence of Vp is

_'essentially due to the variation of the fermi-level penetration in the
n- and p-regions with temperature,

In conclusion it can be generally said that the thermoelectric effect
is expected to dominate in region 1 and is actually the only thermal effect
at zero bias; on the other hand the bolometric effects are about an order

of magnitude larger than the thermoelectric effect in regions 2 and 3.

IV. 4.0 Conclusions
Comparing the tunneling signal magnitude as estimatedin III, 3.5.1
and the thermal ecffect magnitudes just determined, it appears that the latter
are of larger magnitude ; but it is expected, however, that the thermal
signalswill have a relatively long response time, so that when the source
beam is chopped at a relatively high rate, the thermal signals will be
sufficiently attenuated to allow the observation of the previously des-

cribed incremental changes in the tunneling current itself,



CHAPTER V

Experimental Results

1.0 The Experimental Set-Up

1.1 Introduction

The main components used in the experiment consisted of a co,
laser, a mechanical chopper, and a tunnel diode. The tunnel diode
detector could be cooled to liquid nitrogen temperatures, being mounted
on an insulated metalic box which acted as a dewar. This detector and
dewar assembly was fastened onto a screw jack in order to be able to

align with the laser beam. The set-up is shown in Figure 20,

1.2 The Source of Radiation

A 10.6um Holobeam series 20 co, laser was used as a source of radiation
for the experimental observations. Its power output was approximately 10
‘watts cw, Since the laser was being driven by an A-C power supply, the
output power was in the form of a sixty-cycle full-wave rectified signal.
The normal beam diameter of one centimeter could be focused, using a ger-
manium lense of two inch focal length, to a diameter of about one milli-
meter,

1.3 Modulation of the l.zser Beam

The output beam of the laser could be modulated using a slotted
1
rotating disc as a mechanical chopper. Actually the chopper consisted
of two identical discs, mounted coaxially side-by-side, such that one of

the discs could be rotated relative to the other in order to be able to
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vary the slot width and thus change the duty cycle anywhere from 1/2 to
zero (see Figure 21). The maximum chopping obtained with the given disc

motor assembly was one kilohertz,

1.4 The Tunnel Diode Detector

1.4,1 The Diode Structure

The tunnel diodes used in the experiments were RCA type 40069. Their
typical characteristics were Ip = 204, Vp = 115 v, V, = .340 v,
Iy = 2.1A, and Vp =.525 v.

These high current diodes were used exclusively for their relatively

large physical dimensions. The physical construction and dimensions of

the diode package are given in Figure 19.

1.4.2 Preparation

In order to be able to illuminate the surface of the semiconductor,
a hole of diameter .025" was first drilled into the copper base reaching
a depth just short of the p-type material. Then chemical etching was
used to uncover the surface of the semiconductor and further etching of
the semiconductor was possible when it was desired to get closer to the

P-n junction.

1.5 Etches

Basically, three different chemical etches were employed for various
purposes, Nitric acid was used to etch the copper at the bottom of the
drilled pilot hole. If at any time it was wanted to enlarge the exposed
surface area of the p-semiconductor without removing any of it, acetic acid
was utilized. It was found that this acid removed the copper slowly without

affecting the semiconductor.



SILVER

55.

/ COPPER

EPOXY.'.7 /44/

-Hole Drilledin
%é” the Base Plate

7

N

\\\Tunnel Diode

Figure 19 Diode Construction



DEWAR ~_ 7

a~y

Figure 20

Experimental Set Up

DIODE / LENSE

-0

—~ ,— CHOPPER

LASER

/N

AN

56.



Figure 21

Chopper

Adjustable Dis¢

Fixed Disc

57.



58.

In order to etch deeper into the semiconductor itself, the common

CP-4 etch for germanium was used. It basically consists of 5 parts HNOj,
. 3 parts HF, and 3 parts acetic acid. If a slower rate of etching was de-
sired, the acetic acid content was increased.

The etching process had to be carefully monitored, since when the
p-material was etched, the exposed surface area gradually enlarged to a
point where there no longer was any contact left between the germanium and
the copper base and thus the device became an open circuit,

V. 1.6 Effect of Etching on the Tunnel Diode Characteristics

It was found by Hall [28] and by this author that the etching of
one side of the diode (in this case the p-side) caused only the peak
current to diminish; since in our case the junction area remained con-
stant, the decrease in peak current with etching is expiained in terms

of the band diagram of the tunnel diode as shown in Figure 22,
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Figure 22 Junction Region of Tunnel Diode

An exploded view of the band diagram near the metallurgical junction
is shown in the diagram. As can be seen, the closer one comes to the

metallurgical junction, the less degenerate the germanium becomes as is



indicated by the decrease of {p which is the fermi-level penetration
within the valence band. With the decrease of {p , the number of avail-
able states, to which the n-side electrons can tunnel, also decreases,
thus causing a decrease in the peak current., The valley and thermal
currents are not affected as they do not depend on {p to any great
extent,

In general with the diodes used, the peak current could be reduced
from 20 Amps:to 10 or 8 Amps. without losing electrical contact. Hall,
in his paper, reports that with sufficient etching a conventional recti-

fying characteristics can eventually be achieved.

1.7 Electric Circuitry

The circuitry used for the experiments is shown in Figure 23, At
zero bias the circuit of Figure 23a was usedj; on the other hand, in
order to bias the diode, the circuit of Figure 23b was employed. The
change from one circuit to the other could be done with an appropriate
switch,

In both circuits Ry has been conveniently chosen to be 1K. As far
as the diode is concerned, the equivalent circuit of which is shown in
Figure 14, Ry, is actually an open circuit since both dynamic and static
resistances are extremely small. Numerically the internal resistance of
the diode, as deducted from its characteristics, is in the range of .005
to .015 1 . Thus the diode acts as a low internal impedance scource;
i.e. a voltage scource. Therefore practically for all Ry the measured

voltage is the open circuit voltage of the tunnel diode.
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Vertical Scale: 20 uV/Div

Horizontal Scale: 2 msec./Div

Figure 24 Zero Bias Signal
at 550 Hz

Vertical Scale: 200 uv/Div

Horizontal Scale: 2 msec./Div

Figure 25 Excess Current Signal
at 550 Hz
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Figure 26 Zero Bias Signal
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Diode Etched
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Vertical Scale: 20 uV/Div

Horizontal Scale: 2 msec/Div

Figure 28 Zero Bias Signal

near Peak Current

Vertical Scale: 10 uV/Div

Horizontal Scale: 2 msec/Div

Figure 29 Zero Bias Signal
550 Hz - NZ
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Figure 30

Zero Bias Signal

20 Hz -~ N2

Vertical Scale: 1 mV/Div
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Figure 31

Valley Signal at 20 Hz
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Vertical Scale: 200 uvV/Div

Horizontal Scale: 2 msec/Div

Figure 32 High Etching - High

Current Signal

Vertical Scale: 200 uv/Div

Horizontal Scale: 2 msec/Div

Figure 33 High Etching - Medium
Current Signal

Vertical Scale: 200 uV/Div

Horizontal Scale: 2 msec/Div

Figure 34 High Etching - Valley
Current Signal



V.

66.

The transistor circuit of Figure 23b serves as an adjustable constant
current scource. Also the second transistor (type 40251) is used in order
to dissipate the high power which is developed when the six volt car bat-

tery delivers up to 20A currents through the diode.

1.8 General Experimental Procedure

The exposed surface of the p-type semiconductor is illuminated with
the radiation from the CO2 laser. The resulting electric signals were
monitored on an oscilloscope, (Tektronix Type 532 with plug-in unit 1A7A),
This plug-in unit has a sensitivity of up to 10aV/div., and variable upper
and lower frequency cut-off points.

Measurements were done both at room and liquid nitrogen temperatures
These measurements were repeated at gradually increasing levels of etching
of the semiconductor device which brought the tunneling junction closer
and closer to the exposed surface of the device. Changes in magnitude

and response time of the signal at the diode terminals were observed at

these different etching levels,

2.0 Observed Results

2.1 Introduction

Two basic types of signals were observed when the tunnel diode was
illuminated with a chopped laser radiation. These signals are shown in
the oscillograms of Figures 24 and 25. It must be pointed out that the
envelope of the peak magnitudes of the signal originatesfrom the inherent
60 cycle full wave rectified waveform modulation of the laser power as
stated in section V, 1.2, Figure 24 shows the zero bias signal, while
Figure 25, the signal when the diode is biased in the excess current

region,
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All polarities of signals mentioned in the text to follow are with
respect to the p-side of the diode. 1In other words, "a positive signal
implies that the n-side of the diode is at a higher potential than the

2.2, Zero Bias Signal

It is found that the decay time constant of the positive signal is
about 300-500usec. This positive zero bias signal, at a chopping fre-
quency of 550 Hz is superimposed on a negative D-C value of approximately
104V, which increases to about 80uV with the etching of the semiconductor.
In addition, as seen in Figure 24, the base line is modulated by a slower
negative signal which is found to increase with etching (Figure 27).

This ripple on the base line tends also to increase if the bias current
approaches the peak current (Figure 28) especially after considerable
etching of the semiconductor,.

When a chopping frequency of 20 Hz is used, a signal such as in
Figure 26 is obtained. The negative A-C signal has a decay time constant
of about 15msec. and its magnitude is nearly equal to the superimposed

positive signal. 1In this case essentially no D-C signal components is

observed anymore.

2.2.1 Effect of Ambient Temperature

In general it was noted that the magnitudes of all the signals de-
creased when the diode detector was cooled to near liquid nitrogen tempera-
ture, although in some diode samples, the amplitudes of the positive signals
remained constant if large radiation power densities were used. At zall

power levels, it was also observed that the ratio of positive to
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negative A-C signals increased at all chopping frequencies at liquid nitro-
gen temperature as shown in Figures 29 and 30, notice the small ripple

on the base line of the positive signal at 550 Hz in Figure 29, and the
relatively smaller negative A-C signal in Figure 30 compared to Figure 26.
In addition a large negative D-C component appeared at liquid nitrogen

temperatues which was independent of the chopping frequency.

2.3 Signal in the Excess Current Region

2.3.1 Signal at Small to Moderate Etching

The oscillograms of Figures 25 and 31 illustrate the signal generally
obtained at both 550 Hz and 20 Hz when the diode is biased in the excess
injection current region of the I-V characteristic., The magnitudes of
these signals are always approximately ten times larger than the zero biased
signal, and their time constant is about 15msec. These signals appeared
to be independent of etching and were found to increase significantly
only as the biasing approached the valley region. When the etching depth
became very large, however, the response of the tunneldiode in the valley

region has often changed drastically as next described.

2,3.2 Signals at Higher Etching Levels

When the diodes in question had been etched deep enough such that
their peak currents were at or below 10 A, signals such as shown in
Figures 32, 33, and 34 were obtained. These photographs show that as the
bias is decreased from high current to the valley region, the signal
gradually changes from its previous form to a relatively fast ( time

constant =400..sknd most importantly, an opposite polarity signal.
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3.0 Analvysis of Results

3.1 Introduction

The response of the tunnel diode due to the perturbation of the
tunneling current by the incident radiation as was analysed in Chapter
IIT was found to be overwhelmed by signals, as presented in section IV,
2.0, of larger magnitudes and longer time constants. The signal appear-
ing in the excess current.region could easily be attributed to a bolo-
metric effect due to its relatively long time constant and correct
polarity. 1It was, however, difficult to relate the zero bias signal
to a thermal effect because of its vastly shorter time constant relative
to the signal obtained in the excess current region, and its opposite
polarity to the superimposed D-C signal (Section IV, 2.,2) which itself
was naturally attributed to a thermoelectric effect. If the signals,
in the two regions of the I-V characteristics, arose from a thermal
effect, they would be expected to have similar response times as both
should result from the heating and cooling of the same diode structure.
In other words, the device as a whole should have a certain thermal
time constant which would be common to all thermal signals. Thus, in
order to explain the mechanism for the relatively fast and large
magnitude zero bias signal, a modified theory of tunneling with the

possibility of intervention of slow gap states was first investigated.
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3.2 Discussion of the Zero Bias Signal

3.2,1 Modified Tunneling Theory

Radiation

Figure 35 Modified Tunneling Theory

It was proposed that the electrons excited by the radiation inci-
dent on the p half of the tunnel diode (Figure 35) were first excited
to allowed trap energy states Et within the forbidden energy gap region
situated at an energy level hyv = 0.1 ev. above the local fermi-level,
This trap level Et could be due to either impurity, dislocation or any
lattice defects which are always present in the crystal near the junc-
tion, Once the electron has been excited to this level, two types of

tunneling currents can be considered (see Figure 35),

3.2.1a Component One:

This component can arise when the electrons tunnel from the trap
level into the conduction band of the n-type material. This mechanism
is very improbable since electrons in discrete energy levels have al-
most no kinetic energy which is essential for tunneling to take place.
There exists the slight possibility that these energy levels are of
sufficient concentration to form a band that ié separated from the

valerce band itself and thereby the electrons are allowed to have suf-

70.
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ficient kinetic energy to tunnel. This type of current, however, gives

a signal polarity opposite to that observed under zero bias conditions.

3.2.1b Component Two:

The second possible process eliminates all the previous objections.
In this case, once an electron has been excited to the trap level, it
leaves also an additional available state behind in the valence band, to
which now an electron from the conduction band on the n-side of the junc-
tion can tunnel, Although this type of tunneling current satisfies the
observed polarity condition, the lifetimes or recombination times between
the trap level and valence band must be examined since this time governs
the speed of response,

The possible types of gap states that normally arise, are neutral
donors and acceptors, positively charged donors or negatively charged
acceptors | 29] . From theoretical calculations (see Appendix II), it
is found that a capture cross-section of approximately 10.22cm2 is needed
to obtain the observable lifetime of 300usec. The only type of impurity
that could have such a capture cross-section for the recombination process
involved, is a positively charged or even doubly positively charged donor
type impurity [29]. It also must exist close to the valence band since
the excitation energy of the radiation is 0.12 ev.

That this type of level exists is very improbable from known data
on germanium semiconductors, Even if such states did occur, they would

be present in minute concentrations and thus signal saturation effects

should be observable; this is not the case experimentally, and therefore
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impurity assisted tunneling currents had to be ruled out as the cause
of the observed signal. The only alternative left to explain the zero
bias signal is a special case of the thermoelectric effect since this

is the only other effect that can exist at the zero bias condition.

3.2.2 The Zero Blas Signal - Thermal Effects

The thermal equivalent circuit for the tunnel diode package is
shown in Figure 17,

From section 2,0 in the previous chapter the thermoelectric voltage
is given in equation (52) as:

V= oo (Tp- Tj) + ap (Tj— T,) - acu(Tp- Tg) - aAG(Tx— Tp) - &, (Tg- Ty)
Radiation is absorbed in the region near the copper-germanium interface,
It is believed that the relatively fast positive response signal at zero
bias is due to the thermoelectric effect resulting from the change in the
temperature of only the surface of the p-material. In other words, the
surface temperature Tp can change at a faster rate than a bulk temperature
such as Tj.

The thermoelectric voltage equation for A-C signals can be acquired
by rewriting the previous equation in the following form when relative

time constants are included.

AV (w) = apATp o (an -ap) ATj _ an A Tn (60)
- 32 2 ~\2
I+ 7,) 1+ (wr,) 1+ (wy)
where 11 is the thermal time constant associated with the

surface of the p-material

Ty is the thermal time constant associated with the

junction area of the n and p materials, .
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13 is the thermal time constant associated with
the junction area of the n-material and silver

lead
and 11 < T,y <73 .

The remzining terms have been neglected since the corresponding ¢'s
are two orders of magnitude smaller. 1In fact, AT can a}so be assumed
to be zero since the silver lead acts as an adequate constant temperature
bath; thus, only the first two terms are significant in equation 60.

Since the first two terms in equation (60) are of opposite sign
sz = «t;), and with different time constants, the net output voltage is
a superposition of the two signals. The first term (positive polarity)
dominates at chopping frequencies above 151 while at frequencies below

TEI the signal tends to become more negative as Gp - On <~ 20p .

Figure 24 shows the output signal being chopped at a frequency of
550 Hz at zero bias. The positive peaks are the signals arising from
temperature change on the surface of the p-type germanium, i.e. the term
ap 6Tp . The time constant associated with this positive signal is found
to be 300-500.:sec. The modulation of the base line is attributed to the
slower signal caused by the junction temperature Tj changing, i.e. the
second termm in equation (60).

Figure 26 shows the signal detected when the laser output is chopped
at a frequency of 20 Hz . Here the contribution from the two different
signals is more distinct. The negative portion arises from the second
term in the equation, while the laser's modulated power appears as the

positive spikes. The decay time constant of the negative signal is 10-
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.

15msec and is attributed to the time necessary for the junction and
bulk temperature Tj to change.

Since the variation of the junction temperature Tj determines the
temperature of the tunnel diode's I-V characteristic, any A-C signal
that is attributed to the bolometric effect, caused by the diode being
heated by radiation, must have the thermal time constant associated with
the junction temperature,

Figure 28 shows the detector's signal when biased in the direct tunneling
region. The negative component of the signal is the result of the ad-
dition of that thermoelectric voltage which depends on ATj and the
bolometric effect which also depends on the same temperature change.

The two effects are of the same polarity; time constant and order of
magnitude., As can be deducted from the I-V characteristic diagram, the
bolometric portion of the signal should increase as the peak current is

approached. This factwas substantiated experimentally.

3.3, Effect of Etching on the Zero Bias Signal

The thickness of the p side of the tunnel diode is approximately
400 1m, Most of the power is absorbed in a tenth of this distance as
the calculated absorbtion constant is 0.07gﬁi(see Appendix I). Thus,
in general, ATp > ATj . As the thickness of the p-side is reduced
by chemical etching, ATj approaches ATp and thereby the negative por-
tion of the signal increases. This trend is illustrated in Figure 27
which shows the output signal after some etching. Note the increase in
thenegative signal as depicted by the larger modulation of the positive

signal base line,
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3.4 Detector Qutput with Bias Current

3.4.1 Introduction

Bias dependence of the detector's signal is divided into two regions.
The tunneling part of the characteristic, (from zero bias to peak current)
constitutes the first region, while the second includes bias currents from
the valley to higher currents in the injection part of the characteristic.
As a bias is applied, bolometric effects are observed in the detected
signal; Recall that the bolometric effect can be depicted as the tempera-

ture dependence of the IL-V characteristic,

3.4,2 Tunneling Region

As was explained in section IV, 3.1, the peak current in lightly
degenerate tunnel diodes, decreases with an increase in temperature.

When radiation heats the diode and changes its temperature, the
change in the tunneling current due to its temperature dependence, is
observed as a voltage AV when the diode is biased at a constant cur-
rent as is shown in Figure 37, Due to the nature of the electric circuitry
(Figure 23), AV appears as a negative voltage on an oscilloscﬁpe. This
voltage is naturally superimposed on the signals generated by the pre-

viously discussed thermoelectric effect which is independent of biasing.

3.4.3 Detected Signal in the Excess Current Region

As stated in the theory in section 3,4 of the previous chapter,
bolometric effects were expected to dominate in the excess and injection
current portion of the tunnel diode's characteristic. The I-V character-

istic is shown in Figure 37 at two different temperatures.
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When the diode is biased such that the current remains constant,
i.e. the load line is horizontal, any change in the I-V characteristic due
to the temperature inerease caused by the heating effects due to the absorbed
laser radiation, results in the appearance of a voltage change. WNotice
that the voltage change generated in the tunneling region &V, is of opposite
polarity to the corresponding voltage AV, in the excess current region.
The comparison of the magnitudes of the signal in Figure 25 to the
magnitude of the negative portion of the signal in Figure 28, confirms
the theoretical prediction in section IV, 3.4, that the bolometric ef-
fect in the excess current region is one order of magnitude larger than
the bolometric effect in the tunneling part of the I-V characteristic.
From Figure 31, the decay time constant for this bolometric effect is
found to be 10-15msec, which is equal to the decay time constant of both
the bolometric signal in the tunneling region of the diode's character-
istic and the negative part of the thermoelectric signal at zero bias,
Figure 26. This fact is consistant with the theory presented in Chapter
IV that all three of these signals are attribute&.to changes in the
junction temperature T

j*

3.5 Ambient Temperature Dependence of Detected Signals

In general, the detected signals decreased with a decrease in am-
bient temperature. The time constants within the limit of experimental
accuracy remained unchanged.

The decrease of the thermoelectric portion of the signal is attri-
buted to the temperature dependence of the thermoelectric power coeffici-
ents for degenerate semiconductors -, and i as was shown in equation (54).

In the region where the characteristic is the summation of both

excess and thermal injection currents, as the tcmperature is decreased,

the excess current which is less tecperature scensitive than the injection
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current, becomes more and more dominant. Therefore a smaller signal will
be generated when the diode is heated by laser radiation at lower ambient
temperatures.

Also at liquid nitrogen temperatures, Tp is muchlower than the other.
temperaturesdefined in equation (52), since it corresponds to the tempera-
ture of the heat sink which is in direct contact with the liquid nitrogen
while the other temperatures are higher due to the fact that their corres-
ponding positions are influenced by the ambient room temperature. Thus
the large negative D-C voltage (refer to section V, 2.2.1), which was
found to be independent of chopping frequency, is attributed to the term~
Aoy (Tp-Tg) in equation (52) as Tp > Tp . This signal, for practical
purposes, is frequency independent due to the large thermal time constant

associated with the heat sink.

4,0 Valley Siznal Polarity Reversal at High Etching Levels

Figures 32, 33, and 34 show as described in section V, 2,3.2, the
output signal obtained from some of the diodes which have been consider-
ably etched when the bias is changed from a high value to the valley point,

It has been observed that when such signals are present, the valley
currents of the diodes are increased above their normal value. The valley
currents, as stated in section IV, 3.2, are strongly influenced by the
presence of energy gap states; it is expected that as the diodes are etched,
the surface of the semiconductor naturally approaches the junction area,
and any surface states that are present due to surface defects or contamin-
ation, will provide available tunneling states in the forbidden gap region

which results in the increase of the ecxcess current, see Figure 38a.



79.

When the surface of the diode is illuminated with the laser
radiation, (Figure 38b), the number of empty gap states, to which
normally electrons would have been able to tunnel, is decreased due
to either thermal or direct excitation of electrons to these levels,
thus reducing the excess current.

The reduction of the excess current in the presence of surface
states and with the radiation on, would clearly result in a negative
voltage with respect to our electric circuitry. It is expected that
the degree of occupation of the gap states lying within 0.1 ev. of the
valence band, in the case of direct excitation, or within a few kT of
the Fermi-level,in the case of thermal excitation, would in particular
be affected by the radiation. 1In addition, as stated in section IV, 1.6,
the Fermi-level approaches the valence band near the junction region,
and therefore it can be safely assumed that at high etching levels, the
Fermi-level practically coincides with the edge of the valence band.
Thus, it is expected that the signals due to the perturbation of the
occupation of surface states, should increase as the bias approaches
the valley region of the diodes I-V characteristic,

Experimentally it has been observed that the excess current of a
diode is increased with the intentional introduction of surface states
by the application of non-distilled water or by the mechanical damage
of the exposed surface [37] of a diode. When this increase of the valley
current occurs, on1§ then will the diode exhibit the signal polarity
reversal in the valley region as shown in Figure 34; also, notice
that the increase in the negative signal as the valley is approached is

in accordance with the statements presented in the previous paragraph.
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Following the removal of the introduced surface states by slight
etching the valley current decreased to its original value, and the
negative signal no longer appeared. This cycle could be reproduced
at will,

Since the time constant of the excitation signal ( = 400usec) is
similar in value to that of the positive signal obtained at zero bias,
it is concluded that the change in the density of available gap states
is a surface effect caused by the population of the surface state
levels by the thermal excitation of electrons, rather than by direct
excitation, Indeed the perturbation of surface states by direct
excitation of electrons to these levels, necessitates capture cross-
section of the same order of magnitude as estimated in the modified
theory of tunneling, section V, 3.2.1.

5.0 Conclusions

It has been found that the observed signals were the combined re-
sult of several thermal effects. At zero bias, it is considered that
the signals are thermoelectric in nature, with the relatively fast posi-
tive signal which has a response time in the order of 400,isec, due to
the fast thermal response time of the surface layers of the exposed
diode structaure.

Under biased conditions, bolometric signals are also measured in
the two portions of the diode's I-V characteristics, with the signals
in the excess current region beiné onc order of magnitude larger than

those in the tunneling part. These signals exhibit decay time constants
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of 10-15msec. and are attributed to the temperature variation of the
junction area of the diode,

At high etching levels, and with the presence of surface states,
a signal with a reversal in polarity and with a relatively short time
constant of 400:sec is obtained in the excess current region. This
behaviour is explained as radiation induced thermal modulation of the

tummeling current at the junction into surface states.
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CHAPTER IV

Conclusion

This thesis constitutes a theoretical and experimental
study of the response of a germanium tunnel diode to incident sub-
energy gap radiation. The perturbation of the tunneling current by
the incident radiation has been evaluated in detail expecting even-
tually to use this effect as a means of detecting submillimeter
radiation at room temperature and with a high frequency response. A
signal to noise ratio of &4 x 104 per unit bandwidth is expected for
an incident power of 1 watt per mmz.

It has been experimentally found, however, that this effect
at modulation frequencies up to a few kilohertz, is buried in signals
originating from thermal effects.

The observed thermally generated signals have been classified
as a surface thermoelectric effect with a relatively high frequency re-
sponse of few kilohertz, bolometric cffects having about two orders of
magnitude slower response times, and thermally perturbed tunneling
currents due to surface states, having a few kilohertz frequency
response,

It is thus concluded that the perturbation of tunneling cur-
rents in normal tunnel diodes is expected to be a convenient means of
detecting submillimeter radiation only if high power, short duration
(less than l.sec) laser pulses are used. Much better results however

are expected from tunneling DS structures because of the better control



in the site of the absorbed radiation and the much higher internal
impedance [10] of this device which results in larger signal voltages
compared to the signals obtained from the very low impedance tunnel

diodes.
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APPENDIX I

Free Carrier Absorption

As is well known, the absorption of a photon by an electron
in a perfect crystal is a forbidden process, The electron can gain
a large amount of energy but very little momentum from the photon.
In order for absorption to occur, then, the electron must gain momen-
tum from some lattice imperfection namely through phonon scattering.
Several authors [17], [30], [31] have treated this problem theoreti-
cally using quantum mechanics and attempting with limited success, to
fit their theories to the experimental data of workers as Fan, Spitzer,
and Collins [32]. The classical approach to this absomwption problem
developed by Drude [33], in general is adequate and will be used to
calculate the absorption constant of free carriers in this work.
According to Drude, the free carrier absoxption can be calculated

from the following equations:

n~ -k = n.~ - Ne 1 (61)
X 2, g2
m Co w

NeZ _ 1

2nkp = g = > o7 (62)
m-':eo [43] g

where
n - real part of the refractive index

k - the imaginary part of the refractive index



nc -
N -
a) -
m* -
€ -
[o]
[ -
g -

constant refractive index in the non-despersive

region
number
radian
is the
is the
is the

is the

nz = ¢ = 16 for Ge.

of free carriers

frequency of incident radiation
effective mass of the free carrier
permittivity of free space
mobility of the particle

reciprocal of the relaxation time

Sample Calculations for ~

1) For radiation 10.6;1 wavelength and

25 4
N = Ny = 10 /m™
lig = ¢+ = 10713 sec.
m* = 0.16 m,
w = 1.78 x 10'* i.e. hv = .12 ev.

86.

Substituting these values in equations (61) and (62) the solutions are:

n

k

= 3.1

= .,057

. . the above absorption attenuation constant

4x -
a = azk .067.um

1

The reflection coefficient is given by ([34] .

R

gn-l)2 + k

(n+1)? + K2

2
i.e.

= 277 .



2)

For radiation of 300y wavelength and

N = Ny = 1025/m3 5
l/g = 7 = 10713 sec.
m* = 0.16 m
12 .
w = 6,3 x 10 i.e. hv = ,004 ev.

Substituting into equations (61) and (62), we get that
n = 29,6

k = 53,7

the above absorption attenuation constant

@ = S5 = 2.2umT

The reflection coefficient is given by

(n-l)2 + k2

= —H5—— = 97.5% .
(n+1)% + K2

87.



Absorbtion Constant Frequency Dependence

The solutions of equations (6l) and (62) can be generalized for

the two cases as follows:

2
1) The condition when o? > g2 and 75%‘7[ < 0.

w T g
2
where pg = Ne
m* € o
then
2 _ 2
n = ng
chu)3
y = 8B
cn 2
c @

where c is the velocity of light,.
In this case the absorption constant is inversely proportional

to the square of the incident radiation frequency.

2 B8 2

o 2
2) The condition when o~ < g° and 2+ g2 > n.

then n2 _ :
2gw
k= (B2
2gu
o 1/2
a = 1 289,
c g

This expression is the reciprocal of the 'skin depth'" of metzls
found in microwave studies [ 35 ]
Thus, the variation of the absorption constant & with frequency

i{s su=marized in Figure 39 .,

88.



APPENDIX II

Recombination Processes

In section V, 3.2, it was assumed that the elctrons were excited
to an impurity energy level Et of total concentration N, by the laser
radiation. An equivalent statement is that excess holes are generated
in the'valence band by being excited from the impurity levels as in

the figure below,

£t N-

Figure 40 Recombination Model

To calculate the lifetime of a hole in the valence band, a rate

equation similar to those used by Moll [29], is written:

dp

It -V cp“"-' Ne*p + v op* (N - Ne¥) Py (63)

where
p is the rnumber of holes in the valence band,

Nt*¥ is the number of impurity states that have lost a

hole by emission or excitation,

Up'* is the capture cross-section for holes by states Nt#*

89.
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v is the thermal velocity of holes,

t

P = Ny e-(Et - 1:“V)/kBT, the number of holes in the

valence band if the fermi-level was situated at Et,

The first term on the right-hand side of equation (63) denotes
the recombination process r, and the second the thermal emission e of the
holes from the impurity states,

Now

p Po T &P

o

= 1* 1. X
Nt* Nt, + ANt

%
where p,, Nt, are the thermal equilibrium values.

*
Lp , ANt are the corresponding changes in the above values due
to Gh, the generation rate resulting from the incident radiation. From

From charge neutrality conditions,

%

ANt = Ap .
Rewriting equation (63) in terms of the incremental changes Ap ,

ANt *, and combining terms:
d Ap _ * /0 %
rrai - Ve cp (Nto + Py - pl) L.p

Then the hole lifetime is defined as,

T = bp = 1 (64)
~d(Ap ) PS . 2
/r [ve op © Ko™ ¥ Po - py ]

But po = Ny >> Nto* and p; .

. ) . T = + (65)
v. O Y% .
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-4
Thus, for the magnitude of T to be of the order of 10 sec. (refer

section V, 2.2) with N, = 1019/cc. and vg = 107 cm./sec.,

LA * x 10722 cm.2

From the literature [36], it is found that o is normally much
larger in magnitude and only doubly positively charged donor states will

provide such a small capture cross-section for holes.
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