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- The obJectives of this investigation are to study the frequency conversion

properties of punch—through semiconductor devices and to establish the frequency
• - regions of their potential application as efficient detectors and mixers of

informat~ on—b ear±ng signals .
The physics of t~o punch—through devices are studied in detail:• the three— ’
terminal punch—through transistor and the two-ternina]. BARITT Q~~~ rier~~nJection
transIt—time ) d.icde . The particle current inJection process for both devices is
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20. examined and. identified as simple diftu.sicn over a potential barrIer
( exponential injection with respect to the barrier height) .  Dc aud smaU—signa~s.c models for both punch—thro ugh structures are derIved from standard bipolar
junction transistor theory by applying a current-dependent , rather than the
standar d. voltage—dependent , boundary condition for the minorIty carrier concen-
tration at the collector edge of the low— fi eld base region. The small—signal
models include carrier transit—time effects in the diffusion—drift , reverse-
biased regions of the devices by means of a transit—time factor similar to the
factor used. In the standard frequency domain analysis of pure sat urated drift
transit—time diodes . The small—signal noise properties of the 3ARI~~ diode aredeveloped employing the same techniques used in the formulatIon of the 3ABIT~diode circui t model . Both , small—signal impedances predicted by the circuit
model and small—sIgns.]. noise measures predicted by the noise analysis, compare
very well with experimentally measured values of typical BARITT structures .
The microwave and millimeter—wave detection properties of the BARITT diode and
the optical detectIon properties of the punch—through transistor are examined
using the small-signal models. The BABITT diode is shown to be capable of
efficient rectification at frequencies both within and above the region of
diode negative resistance. The punch—through phototransistor is shown to be a
high—speed version of the standard phototra.nsistor; attaining its rapid respons~
capability through its lack of charge—storage inertial effects . The device is
also capable of additional quantum gain due to negative—resistance reflect ion—
type amnlifi cation new the transit—time frequency.
An analytic large—signal model for the BARITT diode is developed based on the
nonlinear exponential inj ection mechanism. Excellent agreement is obtained
when the results of this simple model are compared with the results of higher—
order numerical studies and to experimental results . Extension of the model to
include harmoni c power extraction is also demonstrated.
BAR1TT diode frequency converters are examined in two fundamentally different
studies , based on two different methods of analysis: a very—low I! mixer study ,
applicable only to self-oscillating mixers , in which the conversion properties
are obtained from a perturbation of the basic oscillator equations and a
general four-frequency mixer study , in which an equivalent linear network is
developed to describe the pumped diode and. its circuit environment . The minim~detectable signal of the very—low IF mixer is shown to be comparable to the AM
noise of the diode oscIllator itself and. the optimum noise figur e of the genera]
mixer is shown to be comparable, particularly at millimeter wavelengths , to

• that obtainable from the best present—day Schottky—b arrier diode mixers .
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OE~~T~~ I . INTRODUCTION

1.1 Introduction

This study is concerned. with the frequency conversion

and detection properties -of punch—through semiconductor devices .

The two principal devices that will be considered in detail are

the three—terminal punch—through transistor and its two—terminal

spec ial case , the 3AR1TT (~~~rier inJ ection transit time) diode .

The majority of the theory developed in this work wilL directly

pertain to the 3~RITT diode only ; however , with only a slight

circuit complication , the addItion of base lead circuitry, the

results can be easily adapted to the analysis of punch—through

transistor converters and detectors .

The low—noise characteristics of puzich—through inJection

(diffus~ on over a potential barrier)are the principal impetus for

this study . The highl y nonlinear voltage—current relationship of

punch—through injection and the possibility of devIce transit—

time negative r esistance further enhance the candi dacy of

punch—through structures as frequency converters . This discourse

explores these considerations as well as circuit and material
I-

const raints and. will attempt to establish the upper frequency

limits of useful operation for all conversion and. detectIon

schemes presented .

1.2 Easic PrInc i~ les of Punch—Through Semiconductor Devices

~~.though the devIce theory that is developed throughout

thi s report is completely general in nature , only the

— 1—
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p ’~np~ abrupt—junction uniformly doped Si structure will be

deal t with in detail. The reasons for this choice of a

particular device doping profile and material are , in order of

importance: (1) Si pnp base region minority carriers (holes)

have a lower Value of mobility than do the maJority carriers

(electrons). This mobility relationship simultaneously aids in the

phasing of the induced current for negative—resistance applications

and lowers the base lead series resistance for three—terminal

operation. (2 )  soles in Si have a lower ionization rate than

do electrons, thus pnp structures are capable of sustaining

higher avalanche—free d.c input powers than their npn counterpart

devices . (3) Only Si devices have been experimentally fabricated

thus far . There is no overriding advantage in using the more exotic

Ill—V materials such as GaAs or In? to construct uniformly doped.

punch—through structures since their  high electron mobility values

actually result in lmwer RF negative—resistance capabilities1 and

their low hole mobility values result in only incremental

improvements. Tailored base region doping profiles

are also not cons idered in this work , 2 however , this would V

represent a sImple extension of the d.c and small—signal theories

presented in Chapters II and 111, respectively .

1.2.1 Punch—Through Transistors . Punch—through transistors3

have no history except in a negative sense . The following is a

quote typical of most if not all trans istor textbooks :

“As the reverse—bias voltage on the collector Junction increases

still f urther, the collector space—charge penetration. . .increases

and. the effective base wIdth is still further reduced . In some

V — - -  

~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _

—

transistors it is possible for the effective base width to be

reduced to :ero by this mechanism , and this condition is known as

punch through . In a punch— through condition , the transistor behaves

as though the emitter and collector were tied together by a fixed

voltage sour ce, and the base appears connected to both through

a reverse—biased. Junction. Normal transistor action ceases as soon

as the punch—through voltage is reached.’~ io other words,

punch through has been traditionally thought of as a

breakdown condition. ~~ counter here with the assertion that

punch through is far from a breakdown mechanism and, in fact ,

in a Low—impedance environment it is a -desirable occurrence as

the frequency response of the transistor actually improves when the

device is punched through .

Proof of continued transistor action into punch thrcugh

can be deduced from the results of an experiment that uses optical

carrier generation to simulate maJority carrier base current in a V

two—terminal p~np~ structure. The results of such an experiment are

shown in Fig. 1.1. Here , a high—intensity microscope light was

incident upon an X—band p+np+ Si device with a uni fo rm bas e do no r

density of 1.6 x lO~~ cm 3 and a base region widt h of 3.6 5
~ m. *

As the bias voltage 1ce between the two p+ regions is increased.

the struc ture behaves as a. standard. open—base phototransistor 
S 

-

with a large Early effect due to the nonstandard doping profIle .

* It should be noted that thi s particular device was not Intend.ed.
for the purposes of this experIment and. was therefore fabricated
with the face of the diode covered with g o d  to act as a contact.
The quantity of light that reached. the base regIon was thus
limited to that entering via the exposed sid.ewalls of the device.
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when the punch—throu gh voltage is reached, a large collector ~urren:

develops independent of the incident light . This is the

pun ch—through current and. is due to the diffusion of holes flowing

across the now—lower potential barrier, i.e., forward—biased Junction,

between the base region and the emitting p~ region. However, in

the presence of light, differing magnitudes -of light intensity can

still be easily discerned even though the ‘bias voltage is past

the pun ch—thrcu -h value. Since the punch—through mode change

in the ic bias current rer change in incident light intensity

S 
remains at -or even increases from its pre—punch—through value, it

must be true that control led in J e c t i on  of minor ity  carriers at the

emitting Junction continues into the punch—through mode of

operation. That is , the presence of the space charge ct’ the

o~ tically generated base region maJority carriers (electrons ) near

the forward—biased emitter Junct ion perturbs the barrier potential

such that a greater or lesser nun.’ber of minority carriers (holes )

can diffuse across the J unc t ion  dependi ng upon the nu ber of

electrons generated withi n the depleted region of the device.

For mc -optical generation the hole -current is dependent solely on

the level of punch—through bias , but with optical generation tne

magnitude -of the hole current is modulated by the intensity of the

incident light . The depth of this modulation is determined

V 
prlmari y by the standard. transistor current gain mechanism.

The direct optically generated. hole current is but a smal .

secondary effect, exactly analogous to the standard case of normal

nonpunch—thr ough photo—transIstor operation.  A more detailed.

• analysIs of a punch—through pnp photodetector is given

- - - - i~~~~~ V _ : ~~~~~~~~~~~ V ~~~~~~~~~~~~~~~~~~ 
- — - - - ~~~~~~~~~~~~~~~~ ______
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in Chapter ~J ; a -discu ssion of the experimental results and toe

‘basic Principles of the device is included here as the ‘basis

f-cr the furid~~enta1 premise that  transistor ac t ion  continues up to

and into the punch—through mode .

Introduction -of base region maj or i ty  carriers into the

quasi—neutral base region of a three—terminal Jun ct i on  transistor ,

under normal forward operating conditions, is acco mpli shed

by the si rle process of base current t’ .ow . The situation is no

di f ferent  in the operation of punch—through t ransistors . Punch

through reduces the e ffec t ive  wi dth of the low f i e ld  region

througn whdco major i ty  carr iers  can flow in toe t ransverse

direction from toe base contact to a spot under the emitter , but

it cannot oom~letely eliminate this region. The potential

d is t r i bu t i o n  from cmi t t er  to co 2.ector mus t inc ude the

V value possessed by an undepleted maJority carrier source region

near the base contact ;  in the two—dimensional planar s t ruc tu re

shc~~ in Fig. 1.2, points 1 and 2 represent these two

end ~cints  and the transverse :atn s , the equipctential sur face

common to both po ints . The dashed lines depict tne extremit ies

of the Junc t ion  space charge or depletion layers fo r  zero

bias. When the bias voltages VF and are both applied

with the polarities shown , the fo rward—biased emitter—base

unct ior .—-i ecietion .ayer shri~~s somewhat while the reverse—biased

collector—base Junction depleticn layer grcws and the structur e is

said to be under no rmal forward bias . f is increased to a

magnitude such that the edge of the collector—base depletion

layer Jus t touche~s the edge of the emitter—base layer, punch

I
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through occurs . Nevertheless , path s must still exist , though

its longitudinal position may have shifted, and there remains a

base current path continuum ol’ maJority carriers from the base

contact to the edge of the emitter—base j unction space—charge

layer . Thus the transistor can still function and can still

provide power gain if the collector load impedance is comparable

to the now—low cor~~on emitter device output impedance.

The advantages of a punched—through transistor structure

are: ( 1) an effective base wi dth that is extremely small , thus

negligible base transit time and. negligible base charge

storage; (2) a base wi dth that is achieved. electronically and

not by a difficult fabrication procedure; ( 3 )  negligible collector

series resistance because of the inverted doping profIle th com—

parison with standard practice ; and (
~

) the base push—out effect ,

~Cirk effect , is not as prevalent as in a standard structure , again

because of the doping profile . A potential advantage is the

possibility o:’ negative device output resistance due to

transit—time effects in the collector—base space—charge layer.

Given a negative output resistance, a three—terminal microwave

BARITT—type oscillator can be envisioned. The presence of bas e

-
- region majority carriers at the minority carrier injection point in

such a device would. suppress the power self—limiting effects of the

injected minority carrier space charge and enable a larger

output ~F power in comparison with that of a two—terminal device of

similar longitudinal structure. Some possible disadvantages of

punch—through transistors are : ( I )  high series base resistance

due to the extremely narrow effective base width , ( 2 )  inability

— - -~~~~~~~~ - - —- - - — —  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
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to operate as a pure class 3 amp l i f ier , and ~3) thermal rroblems

due to the necessarily high dc power bias point.

A prototype experimental Si p~np’
~ low—frequency structure

(emitter stripe width 20 i.~m ) , similar to that shown in Fig. 1.2,

was fabricated. here* using diffused base and emitter

contacts on epitaxlal material (base region donor concentration =

1.3 x 1015 cm 3) .  A measured collector current collector—to— -

emitter voltage I—V curve, typical for these experimental devices ,

is shown in Fig. 1.3. A considerable portion -of the epitaxial

layer was lost to out diffusion of the substrate during the p—type

isolation diffusion which accounts for the low value of the

punch—through voltage at zero base current . Several devices were

tested at 10 ~~ z as small—signal ampl~ f1ers in a 5C- —~ system.

:n each case the forward scat ter ing parameter 3 , .  increased wnen

the quiescent operating point was moved into the punc h—t hrough

regIon. The specific improvement for the device shown in

Fig. 1.3 was 5.5 d.E in going from bias point A (3~ = 2.2 ~2) to

bias point 3 = .7 d.3). Although these results are preliminary

and far from exhaustive they Ic lend credence to the feasibility

of the punch—througn .oie of  ope ra t ion .

Chapter i: of this work contains a discussIon of the detailed.

device phy sics of s Imple , unifo rmly - icped. punch—through transistors

and a method of approximating values for the Ic base resistance

of ao~np~~Si vers Ion o± ~ the dev ice.  A sma11—sIg~a1 equivalent

circuit for the punch—through transistor and an estimate of the

* The strue ture was fabrIcated by T.. ~ . Jackson.
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high— frequency perft~~ar.ce limitations based on the model are

presented in Chapter :1:. AppendIx A -contains a discussion of a

poss ible feedback mechanism in the punch—through t rans is tor  similar

to the Early effect in standard transistors .

1.2.2 BARITT Diodes. :“ne two—terminal three—layer punch—

through structure now known as the BARITT diode was conceived by

Shockley5 in l95~ as a means of achieving negative resistance through

carrier diffusion or drift delay . Several important contribut ions

concerning the device have appeared since (see KwokL and Nguyen—3a~

for a complete history and. state of the art) but the basic principles

remain as originally promulgated by Shock.ley .

:~ light a:’ the previous discussions on the pun ch—thr ougn

transistor, a 3AMTT diode can most simply be described as an

open—base run ch—t hrcu€ h t r ans i s to r .  But in the diode s tructure ,

as opposed to the transistor , base region maJority carriers do not

~1ay an active role in the device physics since the diode has no

prime source of majority carrier resupply . Base region minority

carriers which diffu s e over the emitter—base potential barr ier are

swept to the collector contact by the electric field of the reverse—

biased collector—base Junction.* The possibility of negative

resistance arises when the time delay due to the minority carriers

transit across the collector—base space—charge layer results

in the ~~nda ental component of the induced terminal current

* The two p—n junctions can be replaced by two back—to-back
Schottky barriers ,6 the strticture of the fir9t functioning
Mcrowave 3ABfl~ device .7 -

a
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and. the emitter—collector terminal voltage being close to

180 degrees out of phase. The BARITT diode is presentl~-

employed in microwave systems, though in relatively small

numbers , as a low—noise two—terminal negative—resistance device.

Unfortunately , due to the self—limiting and phase—tracking nature

of its injection process the diode is also a low—power device.

This one fact alone has hindered the BARITT’s acceptance in the

microwave d.esi~ i cor~unity. But for the receiver—type applications

considered in this study , high power is not a prerequisite and. the

overall utility of the diode is reappraised..

A d.c solution for the minority carrier current injection and

for the low—field current transport of a uniformly doped.

BARITT diode is given in Chapter II. Small—signal impedance and

noise models for the diode based on. this d.c soluticn are presented

in Chapter III , and an approximat e large-signal nonlinear model ,

harmonic effects included, is developed in Chapter 7. These

models are used in the device—circuit analyses of frequency

conversion effects in BARITT diode networks given in Chapters Iv

and. VII.

1.2.3 Frequency Scaling of Punch—Throu h Devices. Simple

frequency scaling rules for the design of uniformly doped

punch—through devices can be derIved from the following four

principles :

1. BARITT diode injected minority carrier current density,

d.c and RF , must not approach a value that will induce excessive

space—charge limiting of the injection process itself. Thus

- - - -  V
- - - - V  ~~~~~~~~~~~~~ ~~~~~~~~~~~~~ - - - - -  _ -_,_ -V
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• 
~o’~ RF N~ (1.1)

where J is the d.c current density, 3RF is the RF current dens ity,

and. Nd is the base region doping density . This relationship also

applies to the punch—through transistor but the restriction stems

from a bas e pu&’—out consideration rather than an injection

limit ation concern .

2. The magnitude of the electric field at the collector

end of the metallurgical base region cannot exceed a critical

maximum value ; a value such that avalanche muitirlication is

avoided . That is, for maximum input d.c power

J
d
W const , (1.2)

where w is the width of the metallurgical base region .

3. The efficiency of power generation by negative—

resistance transit—time oscillations iS independent of frequency

if skin—effect losses are neglected. Thus

P
= cons t (1.3)

d.c

for an optimally designed structure . This principle should be

considered. an assumptIon rather than a maxim, and. at higher

current densities must surely be suspect9 due to thermal

L effects.
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1L The optimum frequency for negat ive—resistance power

generation is proportional to the inverse of the metallurgical

base width f ~ u
1 . Figure 1.14 is a summary of this relat ionship

V - 
for several experimental and theoretical BARITT devices.9”0 V

Sinc e the ic voltage across a punch—through device is approximately

proportional to the product -of the base region doping density and

the square of the base region width V

V N~w , (i.~~)

both the dc power density

(~~~j ) C  const (1.5)

and the RF power density, reference Eq.. 1.3, are independent

of frequency, where A is the device cross—sectional area.

-Circuit design—scaling considerations require that circuit

impedance levels remain constant with frequency so the device

cross—sectional area A mus t be scaled as ft2 since the primary

contribution to the impedance of a punched—thr ough device is the

cold capacitive reactance of the depleted base region

-x = -  —
d. w

Thus the RF power generation capability of a punch—through structure

follows the f amiliar

~RT
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Similarly , the magnitude of the large—signal negative resistance

R .  can be shown to followa

R
d
I const

Bxamples of this type of behavior as well as a discussion of a

realistic upper frequency limit for the application of punch—

through devices are given following the development of the

approximate large—signal model in Chapter VI .

1.3 Frequency Conversion AoDlications of Punch—Through Devices

1.3.1 Small—Signal Detection. ~ARITT diodes and punch—through

transistors are basically nonlinear devices and as such can transfer

perturbations in the small—signal voltages across their terminals

to variations in bias voltages or currents . Since these devices

are capable of negative resistance as well, the realization of a

combined lou—noise amplifier lou—level detector is quite practical.

This application and the general detector problem are

reviewed in Chapter IV following the development of a device small—

signal model in Chapter III. It is shown theoretically and

experimentally that the BA.RITT diode in the proper circuit is a

very sensitive detector of microwave signals . It is also shown that

the price for such a response, not surpr isingly , is bandwidth.

As mentioned previously , a punched—through small—signal optical

detector is descrIbed ~n Chapter 7. The novelty of this detector

L L is the possibility of quantum optical gain when the light modulation

frequency is near the transit—time frequency of the device drift

region. A gain—bandwidth trade—off exists for this “photo—BARITT”

- — detector as does with the microwave version. 
-

_ _ _ _ _ _ _ _ _ _ _ _  
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1.3.2 Four—Frequency Mixers. The paramount application for

punch—through semiconductor devices espo~ised in this study is the

four— frequency mixer, i.e., pump, primary sideband signal , image

sideband. signal, and intermediate frequency signal. Of the

many variations of the punch—through four—frequency mixer structure

perhaps the most interesting, primarily for its simplicity, is the

self—pumped down—converter . The punch—through device is embedded

in a circuit such that it oscillates at the pump frequency . An

input signal at either a higher or a lower frequency than that

of the pump is coupled to the device which in turn mixes it with the

relatively large pumping waveform to create the image and a down—

converted signal. Since in the right frequency range a punch—through

t ransis tor  or B~~ ITT diode can exhibit a negatire resistance at

any one or at all the ;rincipal frequencies of concern , the

conversion process has the possibility of taking place with a net

gain in powe r level . The total dev~ ce—cirmuit  interact ion at all

four frequencies governs whether any specific punch—through converter

circuit has overall gain or loss. Of course , a punch— through -

mixer can be operated with an external p usLt source, the standard

situation for Schottky—barrier and point—cor.tact diodes, but this is

counter to the simplicity of the self—pumped scheme . Both methods

of pumping are -discussed in the development of the four— frequency

mixer in Chapter VII.

Punch— through transistors and. BARITT diode mixers are

Interesting not only for their simple circuit configuratIon and

possible gain mechanism but also for their low—noise characteristIcs.
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The -c onversion noise for input sigr ’ ~ very near the pum~

fr equency is due primarily to the M~ noise of the oscillation

process. In this mode , self—oscillating BARITT diode doppler

detectors have been shown to be super ior , i.e., possess a lower

minimum-detectable—signal capability, to their I~~ATT and Gunn

diode counterparts bcth at X—band 11 and above .1 2 The conversion

noise for input signals sufficiently far away from the pump frecuency

is due to the correlated and uncorrelated injection and drift 
V

noise components at the three signal frequencies and is

relatire y unaffected by the pump noise. Receiver single—sideband

noise figures as low as 13. ~..B have been measured in this

laboratory for X—band doubly—tuned BAP~TT diode mixers with an

of  1~ 5 ~ iz.

Chapter V~~ of this work contains a detailed analysis of

BAR TT diode four-frequency mixers . For input signals very near

the pump frequency a perturbation analysis 13
~

1
~ on the large—signal

model of Chapter VI is used to der ive the conversic~ transfer

function. This perturbation analysis is then shown to be a special

case of the general four—frequency xixer. The general mixer

itself is studied using a method very similar to Hines ’ ~~rk 15

on instabilities in I~~ ATT dicde networks. The noise figure of

the mixer is calculated. using a generalization of Strutt ’s methcd.~~

for simple diode mixers and. is based on the small—signal Impedance

and noise models developed iii Chapter III.

____
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CH.~~T~~ ::. DEV CE PHYSICS A2~D DC SOLUTIONS

2.1 Introduction

This chapter presents a discussion of the physics of

punch—through semiconductor devices , a dc solution for the drift region

of a 3AR:~~ diode , and an estimate of the dc base resistance in

a punch—through transistor . A current- and voltage—dependent

boundary condition for the minority carrier concentratior. at the

base edge of the collector—base depletion layer is introduced

which allows a smooth transition from the classic di f fusion  t rans is tor

to the ~unch—thrcugh transistor or the 3~~I~~ -il-ode . This transition

is not possible if the standard voltage—only-dependent boundary

condition for the minority carrier cc ncentrat ion is us ed cc determine

the current flow at the collector—base interface. ?re-ri:us theories

of pun ch— th~~ ugh current inje ction are discussed and the limitations

of the theory used in this study , diffusion over a potential barrier ,

are -detailed . A simpl e numerical analysis is used to solve for the

minority carrier concentration in the low—field portion of the

drif t  region in a 3~~i~~ diode an-I an upper bound is determined for

the d.c resistance to transverse maj ority carr ier current flow in

the effective bas e region of a punch—through transistor.

2.2 Carrier ConcentratIons in Narrow—Base Diffusion Transistors and.

in Punch—Through Transistors

The standard. solution for carrier concentraticns and currents

In the field—free base region of a uniformly doped transistor structure

____________________  — 
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under low—level inj ection was f i r s t  given by Shockley ’ in his

classic paper that introduced the j unction transistor in l9~ 9.

This solution has served as the foundation for all the present—day

theories of bipolar transistor operation , i . e . ,  high inj ection ,

field—aided base transport, Webster effect, and Kirk effect.

This section exposes the limitations of the standard theory under

the conditions of an extremely narrow base width and punch through.

The standard theo ry is then modified and the punch—through limi t is

accounted for .

2.2.1 Standard Theory for Diffusion Transistcrs. The

one—dimensional f ie ld—free base region pnp transistor structure

considered in this study is shown in Fig. 2.1. A constant base

loping concentration and low_leirel emitter injection are assumed;

thus , minority carrier transport in the quasi—neutral base region can

be described by dif fus ion alone , that is

J = — qD ~~ , (2.1)

where J is the hole current density , D is the low— field hole
p p

diffus ion coeff icient , and ~ is the electronic charge. The other

relationship which governs the base region hole -distribution is the

time—independe nt hole ccntinuity equation

p - p n 1 dJ0 /0 = r , ~2.2)
~~~

where is the the~~al equilibrium hole concentration and Is the —

hole lifetime . The solution for the resulting second—order ,

constant coeffIcient , homogeneous ordinary differential  equation can

be expressed as

________  - -~~ - — _____  
..- - - -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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—x~L
= A e  ~ + 3 e  ~

where I = VD~~ = the diffusion length for holes in the base and. A . 
V

and 3 are constants which must be determined by the boundary conditions

at the emitter and collector edges of the base, x = 0 arid x

respectively . These boundary values are designated as

p( 0) = F
~ 

and r(w) . (2.3)

Thus A an-I 3 become
-v/I

— 
F0 ~ n — ~~~~~~~~ 

e
w/L

D pe — e

and
w/L

(Fe _ P ) 
V

C ~~ 
— (F 0 —3 =
—w/L

0e — e

The hole current entering the base region J (O) and the hole current

exiting the base regicn J (w) can now be determined from Eq. 2.1,

in terms of the hole concentration boundary values , as

J ( o ) = ~~~~ [(F — p )  coth -~- — (F
0 — p )  csch (2.~4)

- 
- and.

— 

- 

,I (v ) = T~ [~~
‘e — csch L. — (F0 — p )  cot~i

(2.5)

To complete the descrIption of the transistor currents the majority

carrier electron currents at the emitter and collector edges of their

‘- V- V.— - —
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respective depletIon layers are added to the hoi~ currents to form

the emitter and collector terminal currents , defined as positive

into the terminals,

= 

~~~ 
W

e
) + J~

(_ w )  (2.6)

and

= — 3 (w ) — J (w . (2.7)c p c  m c

The standard minority carrier boundary condition for the

~uncticm transistor first introduced by Shockley is

F = 

~n 
e
hI
~~~T , (2.8)

where 1.. is the applied voltage that appears across the junctior.

depletion layer , emitter—base or collectc- r— base, and is the

thermal voltage kT/q. Application of thi s particular form of the

minority carrier boundary condition to transistors with the emitter—

base junction forward biased such that Fe 
>> 

~n’ 
the collector—base

junction reverse biased such that F0 << p
~
, and. with base widths

greater than several Debye lengths yields a satisfactory description

of transistor action. That is, a small majority carrier current in

the base controls a much larger injected current into the s~~ e

region. If the trans~ort cf minority carrIer current through the

base is eff Icient then there exists the possibility of a power gain

- mechanism.

2.2.2 Narrow Base Width ConsIderations and the Punch—Through

Transistor. The standard. solution for currents in the act ive region

of a. diffusIon trs~aistor was ~reserited in the previous section.

- t  
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:~ this section a soiuticr. under narrow base width conditions Is
considered.. Specifically , the standard. solution is modified to

account f-cr the punch—through limit, w -
~~ 0.

A problem arises when the standard boundary condition , Eq. 2.8,

is applied to the collector—base 3unction under the additional

conditions of normal biasing, > 0 and exp (VcB~
’VT) << 1, and a

very small base width , v/I << I. The expressions for the exiting and.

entering hole currents in the base region [0,w] now become

q D F  —
0 e 

+ 

~ i~—~:i 
(2.9)

and

qD F  L
J (0) 

p e ~ +
p 1 ‘~~ 01

qDw
J (w) + F , (2.10)

2L2 e
p

where the standard small argument expansions for the hyperbolic

functions have been employed. and the emitter—base junction boundary

- condition has been kept in its general form. :t appears that both

currents can be made arbitrarily large by a simple reduction of the

base width v. Of course this is not physically possible as the

emitter—base junction can only supply a fInite amount of current,

the ultimate magnitude of which is d.etermined by the junction doping

profile and its level of forward bias .

- The requirement that the hole concentration at the base edge

of the collector—base depletion layer be less than the thermal

equilibrium concentration, Independent of the hole current density,r
S

-- .~~~- ~~~~~~~---~~- - - - ~V - ~~~~~~~~~~~ ~~~~~~~~~~~~ ~~ _—~~ 
_ , - ~~~--—~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



is disconcerting at best . For typical base doping densities the

hole thermal equilibr ium concentrat ion is approximately

l0~ to 106 holes/cm 3 in Si. Thus the standard. reverse—biased p—n

junction boundary condition , Eq. 2.8, would lead to absurdly

lou minority carrier concentrations which could never support the

transport transition from di f fus ion to drift current that holes

must undergo in traversing the field—free base region to the

high—field collector—base depletion region . Matz 18 was ap~arently

the first to consider this difficulty in detail and was able to solve

for the minority carrier concentration at the collector edge.

of the base region by considering a two—carrier model and by using

the condition that the longitudinal majority carrier current at the

depletion—layer edge is zero . Kirk,19 in his study -~f the

base—push—out effect on minority carrier transit time, required that

the minority carrier charge -density at the depletion—layer edge be

equal to the d.c collector current density divided by the scattering—

limited drift velocity.  Middlebrook 20 studied the effects of Kirk’s

current—dependent collector boundary cond.iticn on the behavIor of the

d.c collector current and the d.c common emitter current gain. None of

these authors, however , considered the combined effects of a

substantial minority carrier concentration at the base edge of the

collector—base depletion layer and am extremely narrow base wIdth.

The following empirical fo rmula is suggested as a replacement

for the standard. collector edge boundary condition

F = Kp
5[J. 

— exp (—  + p~ exp (v CB/vT ) ~ (2.11)
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where r = J ( w ) / ~ v , the hole concentration that would be needed to

account for a pure saturated drif t  current of magnitude J (w), with

v5 the saturated drift velocity (v~ 
= ~~~ cm/s in Si) and. K

a. dimensionless constant equal to the ratio of the actual hole

concentration at the base edge of the collector—base depletion layer

to the saturated drift hole concentration p
~
. A numerical

solution for a single—carrier model of drift and. diffus ion current

flow in a depleted region near a zero f~e1d inj ection pcint is given

later in this chapter . From this Single—carrier solution a lower

bound on K for a two—carrier device can be determined , but it is

sufficient for now to simply acknowledge the fact that for base

donor concentrat ions less than 5 x 1016 in Si the value of K is

greater than five. Note that the new boundary condition , E~ . 2.11,

is a smooth transit ion from the standard boundary conditions , whico

is valid cnly for low collector—base bias and ext r emely low collector—

current densities , to a new boundary value which is valid for any

bias Level and current density in the normal region of transistor

operation. In particular, for normal biasing,  exp (hI cBV
V
Vr) << 1,

and. current densities such that o , Eq. 2.11 simnli fies

to

F = Kp . (2.12)
0

With this simplif ication the hole current dens ity at x = w for the

- narrow—base condition w << I can be solved for in closed form as
p

qDF
J (w) ~ e (2 -V

~3)
p 

. . —
V i + 

__ a

V 
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Nov as w — 0 the current does not grow without bound and. a

measure of physical reality is retained . For K = 10.0 the base

width at which the second term in the denominator of Eq. 2.13 becomes

unity is 0 .2  ~m for holes in Si.

The concept of “punch through ” in a transistor is now ex~~ined .

Intuitively, a mathematical description of a transistor that is

punched through should be obtainable from the standard transistor

equations by taking the limit as the base width approaches zero .

With the standard boundary condition for minority carrier concentration

at the collector edge of the base region this is not possible, as

is evidenced by Eq. 2.9. Eowever , using the simplified form of

Eq. 2.11, F = K p ,  the limit as w -
~
. 0 of the minority current

density remains finite and is

q v F
- -~~~ s e  /

J ~vj  = 
~ 

= .w~o p p K

At punch through, control of the emitter injection process will be

maintained if a base region majority carrier current path exists from

the base terminal to a point along the base edge of the emitter—

base depletion layer , x = 0 in Fig. 2.1. This path allows a

base current to flow and provides an independent means of control over

the voltage across the emitter—base depletion layer . This conduction
V path of majorIty carriers must exist since the presence of an

equal potential contour for normal biasing, path s in Fig. 1.2,

between an undepleted bas e region point , 1, and a poInt under the

emitter stripe , 2, precludes a carrier concentration gradient along

the path as there is no counter—balancing path—directed electric field
- 

- 
along the path by definit ion .  Thus transIstor action , controlled
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injection of minority carriers, will continue into the punch—through

mode of operation.

A simplify ing assumption that will aid in the understanding of

punch—through operation without detracting from the basic physics

of the mode is that carrier recombination and generation can be

neglected within the transistor except in the undepleted

emitter and collector bulk regions . After the complete formulation of

the punch—through transistor problem , one can always return to

include the effects of recombination in the forward—biased emitter—

base junction and in the low— field portion of the drift region as

well as generation in the reverse—biased collector—base junction ,21

but these corrections will not be attempted in this study . Without

recombinatiori the hole current ceases to be a function of x within

the depleted regions , J~~x) = J ( O )  = J , and the ocllector and

emitter terminal currents become

J = - J  — J  (2.15)
c p ris

and

J = J (_ w ) + J ( — w )  = j +J + J  , (2.16 )e p e n e p nb ns

where is the electron reverse leakage current density of the

collector—base junction , a constant for suffIcient reverse bias , and

Is the emitter electron current supplied from the base terminal .

It is easIly sho~~ from the electron current continuity equation a:

x ~ — w that the total emitter electron current can be expressed. as

I
~nb + ~ = 

~~~~~ 
(F — n )  , (2.17)

__________
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where 0 and I are the electron diffusion coefficient and the
n

electron diffusion length within the emitter region, respectively;

n is the thermal equilibrium electron concentration within the

emitter; and the boundary value F is the electron density at the

emitter edge of the emitter—base depletion layer , x = — We~ ~~

have assumed that the longitudinal length of the emitter region

is much greater than the electron diffusion length. Thus for mc

recombination throughout the active region of the 5.evioe, the emitter

and collector terminal currents for a. punch—through transistor can

be expressed in terms of the hole and the electron boundary values

f-c r the fo rward—biased emitter—base ~uncticri . Estimates for these

values are given in the next section.

2~~ ~~~~~~~~~~~~~ of Funch—Throu~h Injection and the 3ARITT Diode

2.3.1 Pun-o h—Thr ough Inject ion.  Previous investigators 2 2 ’2 3

attributed forward current flow in punch—through p+np+ devices

to thermionic emission over the emitter—base barrier and solved for a

no—barrier—maximum current density in terms of an effective Richardson

constant. Chu et al.,22 without discussion, justified this

calculation by assuming that the mean free path for momentum—

randomizing collisions was greater than the base region Debye

length. However, the one experimental example they present violates

this assumption by more than an order of magnitude . For p~ri~~ Si

devIces the mean free path and the Debye length become comparable

- 
-- in structures with base doping densities in excess of 1017 donors/cm3,

well above the doping concentrations of the envisIoned devices

discussed in Ch apter I. Persky2~ investigated the problem of current
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flow in a punch—through device and redefined the diffu sion current

when carrier concentration gradients in a field—free region approach

values that cannot be sustained by the standard. diff usion process.

That is, when a carrier concentration gradient predicts

a value of diffusion current greater than that of the local

thermicnic emission limit,

= ~qD ~~~ > ~JW~~ , (2.18)

where vTE is the thermal velocity of carriers in any one particular

direction, then the definition of diffusion current must be

modified. Persky determined that the current definition must be

altered by the addition of a saturation expression for uniformly

doped p~np~~Si devices with > 5 x 10~~ cm 3 .

in this study we shall assume that the punched—through minority

carrier injection in the forward—biased emitter—base junction

car. be described by the standard diffusion process . After  calculations

for carrier concentrations and gradients are completed we can check

for self—consistency by using Eq. 2.18. The only field—free point

within the active region of a punch—through structure is the

trans ition point between the emitter—base and. the collector—base

depletion regions, termed the inJ ection point or x = 0. So for

-
~ self—consistency at x = 0 it must be true that

>

but 
.

p(0) = Kp3 
=

L _ ___ _— V - - 
— - — ~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~ V~~ -V_~-V~~ ~

V.-V__
~~~~

V
= - ~~~~~ ~~~~~~~~~~ —:- V_=2.~ 

- VV~~~~ :~~~.L2
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and the diffusion self—consistency condition reduces

to

S

VTE -
~~~~

A worst case value of ~~~ was given by Berz 25 for a point at the border - 1

of a sink region for diffusing carriers as

2~V~ 
1/2

=

= 2.25 x lOD cm/s

for holes in Si, where m* is the mobility effective mass of the

-carrier (for holes in Si m* = 0.38 m , where m is the rest mass of

an electron2 6 ) .  Thus the thermal process of d i f fus ion  can adequately

describe hole inJection in a pnp punch—throu~h device if ~ > ~.5.

A numerical solution for the ~ value of a single—carrier model of a

p~ np~ Si BARITT diode as a function of base region doping density and

with do current density as a parameter is given in Fig. 2 . 2 .  This

numerical solution is described in Section 2. 11. . As can be seen ,

K exceeds the self—consistency limit for Nd ~ 6 x 10 16 .

Since the slope of the electric field in the low—fIeld region -on the

collector side of the injection point in a two—carrier device

(a punch—thro ugh transistor) must necessarily be lower than that in a

sIngle—carrier device (a BARITT diode), diffusion current must be

the dominant transport mechanism for a longer distance in the

reverse—bIased region of the punch—through transistor than in the

3ARITT diode. Therefore, for the same current density

- - - - 
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and for devices with N
d ~ 6 x 10

16 , Fig. 2.2 assures that diffusion

describes the injection process in a punch—through transistor

as well as a 3~~ ITT diode .

~e now make the ~rinc i~a1 assumption needed to determine the

boundary values Fe and F , the hole and electron concentrations on —

the opposite sides of the emitter—base barrier. Namely , the hole

and electror. quasi—Fermi potentials are acsumei to remain 
-

approximately constant across the extent of tne barrier . This

assumption is standard for .ow— .eve . inject::n theory c-f a :—n

junction27 ,2~ and leads to the stanna.r i bcuniar -V co nd it i on , Eq. 2.8 ,

for the forward—biased p—n J uncti:n, but it is o~~ri-c usly not true for

the re’r~rse—biased collector—base Junction in a transi3tor and tr.us

one shcul~ not ex~ect Ec~. 2 . 3  to lead to a viable solution for the

collector current . 7e is defined as the mctentia at x = —

and. V + I - — , ~~e pctett al at ‘~ 0 there _s toe t _ -~~ ’e ba : -

potential of the j unction and I~ is the applied voltage across the

j unction depletion layer . Thus ,

(V —$ ) . ’VT
F = n ( — w )n e

and

~~ +v~ ~~~~~~~~~~~~~~ ~

n( 0) = a
1 
e e i r ~e -

- where n. is the intrinsic carrier concentration of the material and

is the electron quasi—Fermi potential at x — we. Divid.~ng the

_ _ _  _ _ _ _
- — -~~~ - -— - —- — — .— -~~~ -- - - ~~- — —_________ - - -- -— - ~~~~~~ -V. .-



~ -- -V~V .V. V . VVV ~~~~~~~~~~~~~~~~~~~~~~ V. V -V - •~~~~~~~~ -V-V -V~~ V~V. - ~~_V V._~ -V~ _ VV ~-V_-V -_ _~-V- ~~~ V-V~fl._ - ~_ -V_ .~ V~~•V -VV.~-V~-V~-V~ ~ _-V -V -V-VV.~_ — -V -V -V - -V~VV__ ~~ - -

two equations yields F
0 in terms of the electron concentration

at the inJection point :

_ ( V b . _Vr )/ V TF = n(0) e 1 - (2.19)

Similarly, for holes

- ( V .-v,j/vb~. r T
=e - e

However , since

V ./v V ./V
p ( —  w )  p e bI T (n ~ /~’L) e bi T

we have

n~
F = e . (2.20)

For a transistorwith quasi—charge neutrality at x = 3,

n (O) = p(0) + N
~

Thus

F = Nd~~+ [
~~]2 e

V
~~~~ e ~~~~~~ , (2.2 1)

which reduces to the standard .cw—level form when the second term

in brackets can be neglected in comparison with the first.

2.3.2 The 3ARITT Diode. A BA.RITT diode , an open—base punch—

through transistor, can easily be described by the tresent formulation.

The emitter electron current density from the base is zero and.,

- 
since there is no recombination in the active region of the diode

by assumption, the only electron current wIthin the diode is the

1 ±  -V

- —~~~~- ——--- -  — - -~~~~~ - .
-
.. 

~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - -
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constant reverse leakage current -cf the co .lector—base Junc t ion .

From Eqs . 2.17 and 2.19 we find that

— ( 7. .—V~ )/7~
= ~~~ ~n~o) e — n J

The electron leakage current for a p—n Junction is 9

N
d e

Tbj V T

so the electron concentration at the inJection point of a

s~~ metrica1ly doped p+np+ device can be solved for and is given by

—v~/ v~0(0) = 2N~ e 
- 

. (2.22)

With this equation, the justification for considering the 3~~ITT

diode as a single—carrier -device becomes evident . For any bias

above a moderate level cf forward drive the cor.centration of base

- region majority carriers , in this case electrons , can be neglected

in comparison to that of the injected minority carriers . Specifically ,

the concentrations of hcles and electrons at x 0 are equal when

N
= 1n—~~+~~~1n2V n . 2T 1

10 Si at room temperature n. = 1.6 x 1010 cm 3 and for

Nd 
= 5 x 10~~ cm~~ the level of drive needed to make the carrier

concentrat ions equal is VF/I
T 

= 13.0.

The hole current for a punch—through pup BA.RITT device can be

cbtained from Eqs. 2.l~ and 2.20 and is given by
- 

4 qv n~ V.,/V
.~ 

= ~~~~~~ ~~~~ 
~ T 

(2.23) HK Nd

- ~~~~~~~~~~~~~~ - -  - 
— V . - — -—- -— - - - — -  -V 

~~~~~~ ~~~~~~~~~~~
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The quantity q v n /~~1. behaves as a diode saturation current and ,

since K is a very weak function of J , the inJection is exponential

in nature. It should. be noted that Eq. 2.23 holds for the hole

current in j ected into a punch—through transistor as well, although

the value of the saturation current will be somewhat smaller

~~~~~ ~~TT > KBARITT .

2.L~ ~c Solutions for the Low—Field Region of a BAP.ITT Diode

ki approximate but computationally simple numerical solution

f-or the minority carrier concentration in the low electric field

region on the co lector side of the injection point can be obtained

by assumingapiecewise linear electric field distribution. That is,

the lou—field region is divided into 21 lumps , each lump of leri~~ h ~~~ ,

and within each lump the slope of the electric f~e1d is assumed to

be constant , as sho~~ in Fig. 2.3. A convenient terminating point fcr

the solution is the d.istance w5 needed for the space—charge—free

electric f ield to rise to a value E5 such that the drift velocity is

one half its saturated value

E
w = , (2.2 1~)5

S

where the velocIty—electric field relationship is assumed to be

= 
E + E  

E . (2 .25 )

A further assumption is that the emitter—base j unction ’ s level of

forward drive is such that the majority carriers (electrons) in the V

active region can be neglected in comparison with the background.

-V .- 
— ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ ~~~~~~~~~~
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FIG. 2.3 LU~~ED REPRES~~TATI0N OF CARRIE CONCENTRATION AND

ELECTRIC FIELD IN T~~ LOW—FIELD REGION OF A BARITT

DIODE .
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ioping and toe inJ ected minoi’ity carriers (holes). :~ order to

sat isfy Gauss ’s law wi th in  each lunp ,

= 
~~ ( i ’i 4 + ~) ( 2 . 2 6 )

where is the permittivity -of the material, it is clear that :Thr

t~ie slope of the electric fi to be constant throughout the _
~~np

the hole distribution must also be constant with in the .ump .

Thus the resulting hole distribution w~L be piecewise -discontinuous ,

Fig. 2.3, but in the limit as N and ~ ~ a true so -Votion

shculd be approached . The solution proceeds as :‘:ll-ows :

An initial estimate is made for the constan t carrier

concentrations f-or the N regions .

2. At the right most boundary of  each ump i a h l e  drift

current is defined using the average hole c on c en t r a t i o n  between

L u m p i a n d ..us~p i + l .  That is ,

P. ~~~P
J~~~. ~~~ = 

- 
. ., ., , ~2 .2~ )

0.
0

where E . is the value of the electr ic  field at the end ~f

ith lump ,

E
1 1  

+ 
~~ ~~d 

+ 
~~~ (2.25)

where E = E ( -J ) = 3. Also a hole diffu sion current is defined.

at the same point , depending upon the difference between the hole

j concentratIons of the ith + I and ith um~ ,

_ 
-V

- - - ~~~~~~~~~~~~~~~ ~~~~~~
--

~~~~~~~~~
- - V -

-

~~~~~~~~~~~~~~~~~~~

=-V -- V - --V
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V 0 . — 0 .
3. 5 •-V + 1 - ,

~d.iff 
= — qv~ E4 + E~ A 

(2 .2 9)

where the Einstein relation has been used. to express the d.if—

fus ion coeff icient . The total current at x = iA is then

= 

~~r~~’t 
+

For the i = N case , p~~ , is assumed to be equal to the pure

saturation velocity hole concentration p .  In addition , th is

concentration is assumed to exist at x = 10 w , even if the

diode is not physically this long . The spatial average for the

hole concentrat ion at x = w -then becomes

~ + 
S 

~ - )
~~ ~~5

+ 0.5A - ‘T ‘

and the slope of the hole concentration at x = w~ ~~

—

9 w + O . 5 A

The actual value of the concentration slope at this point has only

a miniscule effect on the solution as well over 90 percent of the

V current flow at x = w
5 

is by the drift mechanism . The ratio of

the drift current component to the total current over the low—field

region f-cr a specific structure is shc~~i in Fig. 2.~~.

3. The specified current density is subtracted from each

calculated current density; in vector form

J — J  = AJ
“0 —

- - - --~~~~~~~~ -- . - -- -V -  - ~~~- -V -V - - - -~~~~-- - -
-- ____t
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POSITION FOR A p 4np~ Si BARITT DEVICE.
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If the magnitude of dJ is below a specified error , then the

solution is considered converged; if not , conti nue .

b . The sensitivity matrix or Jacobian can be formed as

CJc ]~ =

In this case the di f fe rent ia t ion  can be carried cut anal3rtica ly

from Eqs . 2 .2 ’~ through 2.2 9.

5. A first—crier ~e~~on -correction is performed :

new o d  ~~~— 1= 
~~ L~~~~

The i terat ion s arts again with Step 2 and -cont inues.

The convergence propert ies  of this method -of solution are

dernonstrated in Fig . 2.5 which shows the behavior of the calculated

value of ? vs. the number of  ~~ V~~~~~~~ 3 in the low—field rewion for a

particular structure , where

0 +1 2oD
K = = pS

As can be seen a satisfactory solution , within 15 percent of the

limit ing va .ue , can be obtained with  as few as five .umps . The

erro r crIter ia , Step 2 , for th i s  study was l0~~ A/cm 2 and

the average number of Ne~rton iterations needed. to achieve this level

- of error was five , startIng from an inItial guess of p~ = p5 for all i.

~ rpica1 results for the normalized hole concentratIon and the

electric field in the l w—fiell region are sho~m in ~
‘igs . 2.6 through

2.S for structures with = ~~~ 5 x 1015 and. 1016 cm 3 and.

100, 300 and 500 A/cm . Rather than present the hole

concentration in stepped form as in Fig. 2.3 a straight—line

-V --V- -V -V - - -

- - V  - - ~~
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inter~oiation has been used to connect the concentratior.s at the

midpoint of each 1uxu~~. The results from this d.c solution are used

extensively in Chapter III in the study of the small—signal

impedance and noise properties of the BARITT diode.

~~~ Do Base Resistance in a Puncd~—Through Trar.sistor

A simple estimate for the effective width o±~ the transverse

majority carrIer current channel which exists under the emitter

stripe in a planar punch—through transistor can be obtained by using

the fact that the majority carrier longitudinal drift and diffu sion

current components must nearly cancel each other for a small total

electron longitudinal current . For all levels of inJection , an

overestimate for the electric field distribution on the collector side

-of the inJecticn pcint is

q(~~ +:<p )x5
C

A suitable solution for the elec tron concen tration , such that the

electron drift and diffusion longitudinal current components

exactly canc el for this assumed field distribution, is a

Gaussian profile

n (x)  = (N d. + Kp5 ) exp C — ( x / a ) 2 1

where

a~ = 2cV~/ q(N ~ + Kp 5 )

t Thii~ an upper bound for the resistance per unit length of the 
-

>
conducting majority carrier channel for x = C can now be expressed as

- ~~~~~~~ —~
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p ~~ i ex-o L_ ( x’a)2 J d.xJ. , (2 . 30)

0

where ~ is the channel conductanc e at x = C, o = q~ ( N + ~p);o n
V
~ n 

is the low—field electron mobility ; h is the length of the emitter

stripe into the paper in Fig. 1.2; and the upper limi t of the

integration has been taken to be infinity ( this  should introduce

negligible error as the actual base width is much larger than the

~aussian constant a). This integral can be evaluated in closed

form and the result is defined as the effective channel or majority

carrier base wi itn

av’~=

A Olot of this effective channel width as a function of ~~~~. for low—a

level inJect ion ~5 giv en in Fig.  2.9. The actual value of the base

resistance for a given geometry can ncw be calculated as

1 - ~~
3

L

= 
e 

, (2.31 )

where I is the emitter stri :e width , one factor  of one—hal f is due

to the fact that base current o~~ y flows to the center of the

emitter from each edge, the other factor of one—half is due to the

presence of the two base current paths from the edges of the emitter1

and the factor of one—third can be sho~~i to arise from the fact

that the transverse base current must be equal to zero at the center

.ine of the emitter stripe.3 0  Actual values of RB ~ri1l riot be

calculated for any partIcular structure, rather this calculation

— V
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w±~~ serve as a basis for an estimate of the small—signal base

resistance—collector capacitance time constant for a punch—

through t rans i s tor .
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CHAPTER III . SMALL—SIGNAl MODELS OF PUNCH—THROUGH DEVICES

AND SMALL—S:G:IAL N OISE PROPERTIES OF BA.RITT DIODES

3 1  Introduct ion

The determination of the impedance/admittance or the noise

properties of any semiconductor device is facilitated to a great

extent by the assumpt ion of small—signal conditions . Under this

assumption -Ic quantities and equations are expanded in first—order

Taylor series abo ut their quiescent values and the resulting equations

for  the perturbation quantities are lineariced. This procedure, in

general, produnes coupled nonlinear ordinary differential equations

in phasor space for the small—signal variables of interest: particle

concentrations , particle currents, terminal voltages, etc . In this

chapter,however, further simplifying assumptions are introduced

such that for each punch—thro ugh device studied , closed—form

V analytic solutions can be obtained without recourse to numerioal

techniques .

The chapter begins with a discussion, for background purposes ,

of the basis f-or all the small—signal models derived in this study ,

the common—base y—parameter model for the one—dimensional intrinsic

diffusion transistor. This model is then modified to allow a smooth

transition to the punch—through state, similar to the modification

of the standard do formulation for the diffus ion transistor presented

in Chapter 1. The complete device equivalent circuit mcdel,

i.e., terminal voltage and. current model, is then developed by

- inclusion of the transit—time effects of minority carrier flow in

1 
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the collector—base depletion ayer and the Junction space—charge

capacitances . The small—signal characteristics of the punch—through

transistor arid the BARITT -diode are next discussed in detail .

A second—orde r small—signal mcdel for the 3AP~~T diode is presented

in which the low—field portion of the drift—diffusion region

i~~ediately adjacent to the forward—biased injection region is

accounted for, akin to the Ic analysis of Chapter Il. Finally ,

the small—signal noise pro~ erties of the 3APITT diode are develoce’a

using the s~~ e method emrioyed in the derivation -of the small—

signal -diode equivalent circuit.

For reference , the small—signal equations that describe

one—dimensional hole fl-ow in semiconductcrs are given here :

I. The small—signal hole current density ,

= ~~~uE + q-rp - qD , (3 .1)

where the do drift velocity v, the small signal mobility -
~~ , and

the diffusion coefficient D are all functions of the d.c field

~~ 
only; that dS , 7 = 

~dc~’o’ 
= 

~ic 1T’ ~ 
= 

~dc~~ 
— ( v /v ) ,  and

-
~~~ v / ~E + E~~.20 s $

2. The total current density,

= J + J~~E . (3.2)

3. Gauss ’s law ,

dE --= (qjdp .

4 . The hole continuity equatIon,

= — q[.L + iwJ~ . (3 . 4 )

— - V  - - - - -V - ~~~~~~~~ - — -V —-V— —- — -V — —V -- ~~~~~~~~
__ _ -V _ _,~r_
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In these fo ur equations and throughout the remainder of this

work all s~~ bols which represent currents, voltages , electric fields

and. particle ccncentrations will be understood to be in phascr

notation unless they possess a zero subscript which will indicate

unperturbed d.c values .

3.2 Small—Signal Transistor Models

3.2 . 1  Common—Base i—Parameter Intrinsic Diffusion Transistor

Model. To establisn a co~~on notation arid a basis for the device

models of this chapter , the theorj of the one—dimensional co on—base

y—par~~eter ~od.el
31 for the intrinsic -diffusion transistor is outlined

in this section.

The differential equation governing the distribution of the

small—signal hole concentration in the f ie ld—free  base region of the

+ + - . - - -Vp n: trans:stor structure ol rig. can be leravea . .rom aqs . 3._

and 3. 4 in a mariner s imilar tc the derivation of the Ic equation

(Eq. 2.2) and can be expressed as

— -~~- - ~~~~ = a (
~ 5)dx  -

~~~

where is the complex iiffusior, lengt h

I
= 

p

p

p

Completely analogous to the Ic solutIon of the transIstor the

solutions to Eq. 3.5 can be used to express the small—signal

hole current de nsity at the emitter and. collector edges of the bas e

region as (c.f. , do Eqs . 2.3 and. 2.5)

- - —- -- 
— 
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aD w Wi
= 

~~~ ~~e coth — f csch (3.~~)p p

and

qD r w Wi
J w )  = T~ j

~
’
e

05Ch ~* 
— ccth ( 3 . 7 )

where the hole concentration boundary ral~ es and f .. are the small—

signal counterparts to the d.c values F and F and can be expressed

as firat—o rder perturbat ions t f  these same io values; that is ,

C
3V BJ~

. 7 b ’ (3.8)
~EEC

an-I

(3 .9)0 3 
-
_

~~~~~~~~ 

C

~~ C3O

where and T
cb’ are the small—signal phasor voltages across the

emitter—base and the collector—base juncoior.s, respecti-rely .

If the Early effect 32 is present , i.e., the position w of the

collector edge of the base region is a function of the collector—base

bias , then w = w + w and*
o ac

V.
’ 

1
CE

~
V

~~
Q 

- 

CB LICBOJ 
V

b
!

(3.10)

* Appendix A co ntains a detailed derivation of the Early effect
-correct ion , Eq. 3.10.
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The total small—signal emitter current density must contain

a term due to electrons (base region maJorIty carriers ) that are

inJected from the base into the emitter . This contribution

can be derived from an expansion of d.c Eq. 2.17 and in phasor

:1 space is given by

qD 3F
w )  = -

~~~~~~~ ~~~~~~~~~ 

v ,, , (3.11)
n ~B

where is the -complex diffusion lengt h of electrons in the emitter

region.

Thus for no recombination in the emitter—base junction space—

charge region the y—nar a~ eter form for  the emitter current ensity

is

— I
— ~~~~~ / + Q ~~e n ~ p

= y v . +y  v11 cc ’ 12 cb’

where

‘D 
____ + 

~~~~~~ 

coth —~~
. ( 3 . 1 2)

arid

q.D 3F w

~ l2 
— 

v ~~S~~h (3.13)
V CEO

with it being understood that (aF /
~
vCB )l v is replaced by

CBO

~ ~f the Early effect is present . At w
- 

~~~ CEO
the y—p ar smeter form of the collector current density is

J = — J ( w ) = Y21 7eb1 +

~~~~~_ _ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —V - - -  - —— V ~V . - V  ~~~~~~~~~~~~~~~~~~~~~
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where

qD 3F~~ w
— -P 

~~~ 
csch (3.14)

~~~ 
p

and

qD ~F- —s. c 
~~~~~~~ (

~ 15 ~~
L~~~3V 

‘~~~~~L* -V. . — )

P C B V
C~O 

p

Again, ((3F V 3V 
B ’ 1 7 ) ‘  would replace (~ F /3V~ )I-- in thec C CEO ~~

presence of the Early effect .

A “good” d.c transistor is normally defined as -one for which

w 1 .  < <  I and the “low—frequency ” range of transistor operation

is the frequency region f << f where f D / 1-v2. The small
a a p o

arg~~ent (~ w /L*~ << ) expansions for the hyperbolic functions

which are valid for a “good” ic transistor in its “low—frequen cy ”

range are

w L * i ~ w
coth~~~

and —

w 1* 1’~csch ~~~~~~ 

L H
The y—par ameters for this case can be approximated as

y 11 g + g + j wC , (3 .16 )

~I2 
+ J~ 

~~~~]_ 1  
, (3.17)

~21 
- €e {~ 

+ 

~~~~~~~~~~~~~~ 

(3.18)

and

7 g + j wC , (3.19~
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where we have defined

qD 3F

T~ 3V~~~v 
(3.20)

- qD 3F
g • , (3.21)

‘o 3 E B V EBO

= _2_
2D

a P

2t
C 5 g , (3 .23 )

aD 3F
(3 . 24 )

0 L. B V ,
~BO

and

-

~~~~~~ 

g - (3.25)

:~ the y—parameter approximations , Eqs . 3.16 through 3.19, it has

also beer. assumed tr.at the emitter  is very heavily doped such that

1* 1 and. that terms of the order (w /L~ )
2 
can be neglected. in

comparison witn unity.

With the definitions of the circuit parameters, Eqs. 3.20

through 3.25, the y—paramecer small—signal model can be configured.

as shown in Fig. 3.1. The base transport factor 
~~~~ 

in Fig . 3.1

Is defined as the ratio ~f y to the minority carrier portion of

that is ,

I 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

_ _ _ _ _ _

-V-V

- ~~--V~~_-V
_ _

V - _ _ _ _ _ _ _ _  _ _ _ _ _- -~ —- --V -V~~ — —-V-V-V  -~~~~~~~~ - —— — — - - -V
~~7-V~
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e
--VI — ‘i

+ J J I +

Veb’ gn 

- 

~e 

T~~~~ i~
vc~ 

‘b’ 

_ _ _ _ _ _  

Vc~

FIG. 3.1 SMALL-SIGNAL CO1’~4ON-BASE EQUIVALENT CIRCUIT FOR AN

NTR INSIC DI~ ’FUSION TRANSISTOR. g + g +

iWC es~ 
y12 —g AND y22 g + j c~C 5 )
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= _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

a
l + jf/f~

where

1
a0

~~~~~~ 
2.’

2~~~~
J -

Phys ically , the base time constant r
3 

and thus the capacitances

and C c5 and the cutoff frequency -a are due cc minority carrier

storage in the base region and the magnitude of the Ic base

transport factor a0 
is less than unity because of carrIer recom—

bir.ation within  the base region.

3.2.2 Narrow Ease—Width Consilerations. As the limiting

value of zero base width is approached the elements of the small—

signal model shown in Fig. 3.1 suffer the same fate as the -Ic

emitter arid collector currents of Eqs. 2.10 and. 2.9; they grow

without bound . Again this is not a physical result arid. again the

fault lies in the assumption of a p-ore voltage dependency for the

collector edge base region minority carrier boundary condition.

If a voltage and current dependent boundary condition is assumed

for the hole conce ntration at :c = w , i .e . , Eq. 2.11

L F0 = F0 VCBO , (w ) J ,

~~~~ ~~~~~~ V - V V  - -  ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~ Z - 
-~~ — - -
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the n 4

3F 3F
= + 

3j  ( )  J ( w ) . (3.26)
C B V ~ p ’ J ( w )

~BO ~ 0 0

Substituting this bcundary value into Eq. 3.7 and solving for J(w )

yields

q.D I3F w 3F w
___ 0 ___csch — coth

~~~~ ‘BO 
p C B V ,0 p

= 
qD~ 3F w . ( 3 . 27 )

~ + 4 3 J  ( )  cocn c-~
P p .i (v) P

~ 0 0

Similarly, when the new value for f0 is substituted. into the hole—

emitte r  current density expression Eq. 3.6, we obtain, in conjunction

with Eq. 3.27,

~~~ 
3F~ + 

~~~~~~~ aF 
tank

~~ ~w)

S (0) = 
aBO ~ p 

~~~~~~~~~~~~~~~~~~ 
P

p aenom

qD 3F~~ w 
-V 0

av ~~~~~
p CB 1 V1.,~~ p

-— (3 . 2 8’
denom ‘

where d.encm is the iencminator of Eq. 3.27. The new values -of the

7—parameters are immediately obvious from Eqs . 3.27 and 3.2~ ; namely ,

qD 3F w
C ~~~~~~~ 0 0

— - L* ~J (w)~ 
..ar.b.

~~~~~ - 
P . P f~.T ( w )

7 __a ri + 
-V t o o

11 L 3V - 

~. d.enomn
(3 .29 )

* Appendix A also contains a discussion ~f the evaluation of
3F /3J (w) when a current—dependent Early effect is present .

_______ - - - -- - - - - ______
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y (~ ~o)
12 denom -

~~2 1

~~2 1 denom (3.31 )

arid

~ 22

~22 denom (3 .32 )

where y .°. signifies a previously -defined value for the y—~ arameter

7ij ’ Eas .  3.16 through 3.19, arid y~~~ signifies the hole current

portion of Eq. 3.16.

The simplest case which allows the analytical evaluation of

Ecs. 3.29 through 3.32 and the only one which will be discussed

in detail in this study is the coincidence of standard bias, 
-

exp (7~~~~ j~ ) << 1, and a level of triJection for which p 5 > >  p

but moderat e enough such that the current dependent Early effect

can be neglected . For this case, reference Eq. 2.12 ,

3 (w) j  (w )
p0 0

Thus for a “good” -Ic t ransisto r in its “low—frequency ” region

d.enom 1 + 
~~~~ Li + 

~~ 

(3 .33)

which in the limit of very smaLl base widths is the same term

present in the denomi nator of the expression for the d.c collector

current density Eq . 2.13.

The only circuit element s in FIg. 3.1 whIch muSt be redef ined

such that the equivalent circuit is valid. for all values of base

L ~dd.th are the j unct ion conductances and~ g~ ; that is ,

_____ _______
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denom (3 .34 )

and.

(3.35)

Ncu as w — 0 the elements and therefore the circuit currents do

not grow in magnitude without bound arid therefore the punch—through

state , s imilar to the d.c analysis , can be thought of as s imrly

the l imi t ing  state , w = 0.

3. 2 . 3  ~~~ Comtlete Small—Signal Mo del. The small—signal

circuit mo-del of Fig. 3.1 is not a complete equivalent ciroult

ncd.el since it represents only the flow of carrier currents within

the one—dimensional intrinsic or base—emitter region of the t ransis tor .

The terminal emitter c oo-rent can be fully accounted for by adding

a shunt emitter—base Junction depletion—layer caracitance Ce across

(transit—tine effects of carriers crossing the relatively

narrow emitter—base Junct ion depletion layer are ignored) .  The

base terminal , the two—dimensional circuit contribution, can be

represented to first order by adding a base lead series resistance

rb from the base terminal to the one—dimensional base position

b’ between the emitter and the collector. Finally, the total

collector terminal current can be computed as follows :

From Eq. 3.2 the total -or terminal collector current density which

is independent of position can be defined. as

— J~ (x )  — ,~~~~ E , w
0 

x

e — - 
— 

~~~~ ~~~~ ~~~
-
~
- -

~~ 
—-

~~~~~~- — 
~~~~~~~~~~~ 

-
~~~~~~ 

—
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where the minus signs are due to the fact that the collector current

is defined as positive into the collector. We integrate this equation

over the collector—base depletion layer, x = w to x = w + w ,

and obtain

Jo = - 
~~~ 

j
p ~~ 

+ J~
C O v b , (3.36 )

where C is the co1ie~tor—base depletion—layer capacitance ~Iw and

w + w

~cb’ 
c E~~~

Since the minority carrier current density at the collector edge

trie base region J ~ (w 0 ) is also the initial or the in~ecoed

particle current density for the collector—base deolet ion layer ,

the transit—time effects of holes crossing the relatively wide

collector—base space—charge layer are all contained in the integral

in Eq . 3.36 and can be expressed in a single term cr transit—time

fac’tcr I’. hat is,

= — i ( w ) r  +

where

rV +W J
- 1 i o  c ~L Iw j J~~w )

C P 0
0

The complete small—signal equivalent circuit can now be depicted
-

V 
as shown in Fig. 3.2.

One co~~~r. approximation33 for the. transit—time factor r is

derIved by neglecting diffusion entirely arid assuming that all the

oarriers In the depletion region drift at theIr saturated velocity v~ .

- - — 
~~~~~~~~~~~~~~~~~~~~~~~~~~
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The current ierisity J can then be expressed as the rpace—~charge

current wave

J = J - ~w ) ep p c

and thus ~ becomes

= 
s~ n e 

+ 
~ 

cos e — 1 
, (3.37 )

the saturated -drift approximation for :, where ~ is the t rans i t  angle

~~~~~~~~~ This estimate for F predicts ~ua 1itatiYe t r ans i t—t ine

effects  fairly well but its derivation ob~rlously underestimates one

actua carrier transit t i e  since the carriers that are - inJ ected

fr om tne base regi or. enter the detietion layer at velocities well

below the saturated value . A bet ter  approximation of the ~ fo r a

tw c—t e r :na ~~~~~~ 0021e ~ 3 g:-V:en :r.

3 . 3  Small—Signa . ~nalysis of Pu nch — Th ro u gh Transi s tors

V 
W’r.en one l lnioing ‘ralle of zero base wi dt~i w

0 ~ is approached ,

tne i:f~’usi-o i transi stor no :el of Fig. 3 .2 evolves into the smao.i—

s:gna. model of tne punc h—t hrough orar .sistor. Several circuit

s impl lficat i ;ns  occur : A: puncn :hro~ gh :ne base region volume in

wh ich  carr ier  :eccmbina:ion ta.kes place shrinks to zero arid therefore

the base region ic transport factor  becomes unity (~~ = 1) .

The same --:lume was the mincrity carrier storage region thus

f and. the carrier storage capacitanc e C becomes negligible .

Once Into tunch through, the defined base width is zer o for all

— levels of punch—through bias , arid the magnitude of V

the voltage dependent Early e f f ec t  term 
~
w/
~
V
c3 

is :ero by detiniticn.

4-

- - - - - — V - 1~
-V
~~ ‘ ?~~~~~~ -~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Thus the feedback and output aämittar.ce terms also disappear from

the model. One last simplification can be realized if the

relationshIp between the emitter electron and. hole conductanc e

t erms g and. is explored . From Eqs . 3.20 , 3.21, 3 .33  and

we have in the punch—through state

D ~F

= = 
~~~~~ñJ

TEBo .

K 3V~~~ .

~~EBO

But from Ecs. 2.19 and 2.20 for  all but extremely high evels of

in jec t ion

F 3F F
_____ no e eo

-
~~~-— aria 3VE3~..

and toe conductance ratio reduces to

g
( 3 . 3 5 )

e nec

the ratio of dc electron an-i o d e  emitter currents. This ratio ,

defined as ~~~, can alsc be expressed in terms of the ncre ocmncn

dc emitter efficiency , y = J
0
/J~0, 

as ~ = (1 — y )/y . The

complete small—signal equivalent circuit for the punch—through

transIstor, with these sinpli fioaticns , is shown in Fig. 3.3.

One important high—frequency par~~eter for any t r ans i s to r

j structur c Is the base—resistance collector—base capacitance time V

constant3
~ rbCC

. A gcod estimate for the small—signal value of the

base resistance rb 
for no emitte r crowding is to assume it to be

I 
__________

—-V - - - - ~~~~~~~~~~ V~ ~~~~~~ ~~~~~~~~~~~~~ 
— - - 
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- 
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~~~~~~~~~~~~~~~~~~~~ -
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ONE-DIM~ N$lONAL MODEL
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FIG. 3.3 SMkLL—SIGNAL ~~~~~ OF PUNCH-T~~QUGH TR&~s 3TcR.
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equal to its ic value 25 P..., Eq. 2.30. The low—level iriJectior.

rbC time constant for  the configuration - of Fig. 1.2 can then be 
V

expressed as

____________ 1
2

r b C
c 

= /s/(2
~
VT~

N
d
) 

~~~~ 
(3 .39 )

It is obvious in Eq. 3.39 that in order to minimize r
b

C
C 
both

and w should be maximized. The maximum value of the product -of

:~~. and w is limited by toe onset of avalanche mult iplication at the

collector end of the cdllectcr—base space—charge region. That is ,

it mus t be true that

where is the ava ar.cne critical field intensity (approximately

equal to 3 x l~~ 7/cm for htle~ in 3i). A runco—througo t r ans i s to r

co ns t ru c ted  such onat the c r i tic a l  fi e li  is nearly reacoe-i at i ts

do :teratin~ pcin: will be ter me i a ic maximum :cwer structure a::i the

r. C time c-onst ant s f;r onree of these ievi~es are zl:::ei in

::g. .. as a fV ~~riVOO::O c: emotoe r str:;e w:Ito. As -ca n ze

~~~ ;a~~.es o _ es s -a- a ~~se— ’:-: .a— eas ~~~~ce :o- a~~e

for a wile range of base icrings an-: r ea sona b le emi t te r  wi~ tns.

The normalIzed rea l parts of the ocmzcn—eni:ter output

impedances for  several IC maximum power structures are soown in

Fig. 3 .5  for F an-i one :art icular base f lying impedance

(a resisti re match at low frequencies). A: very low frequencies

the principal contribution to the output resis tances come s from the

space—charge resistances of the collector—base depletion layers .36

L At higher frequencies the depletion—layer t ransi t—time effects are

_ _

_ _ _ _  
- ——-V-V.. - _ _ _ _ _

- - - —r ~~~~~~~~~~~~~~~ 
___________
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clearly evi-ier.t with toe first u p  in R . occurring at a transit

angle ~ of approximately 3ir/2 . An enlarged plot near the

frequency of this transit angle for the 5—~m device (w 0 base width )

is shown in the insert to the figure . For larger values of base

V 
drive resistances R g~ the device output resistance cars actually 

-

become negat ive for frequenc ies near the 3~/2 transit angle value,

and If the base connection is ~ F open circuited the three—terminal

d.c punch—through t ransistor  can appear as a two—terminal negative

resistance B~~ITT diode. As mentioned in Chapter 1, the presence

of Ic electrons (base region major i ty  carriers ) at the

in~ ec:i:n point would tend to suppress the deleterious self—

Limiting effects of the space charge of the injected holes.

Thus the device should be capable of larger ir.~ection levels and

therefore Larger cuttut ~F power levels compare-I to the two—terminal

3A.~I~~ diode :cur.:erraro.

The unilateral gain TJ of an amplifying device is the maximum

available gain of the structure after all internal feedback has been

neutralized . It is the most indicative parameter of potential

usefulness for  an active device as it is independent

of device orIentation (oo on base , e t c .) .  The unilateral gain as

a function of frequency for the model of Fig. 3 . 3  can be expressed.

as 3

k12
2i~r C

8
~

fr
b
C m (~~) + 

1 + 
~~~~~~~e

0
e)2}

where r~ 
= Eg~ (i + ~)~~

1 and ~ is the co on—base current gain

. 1  
_ _ _

--
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Calculated unilateral gains for two d.c maximum power punch—through

transistors are shown in Fig. 3.6. 3oth structures show usable gain

up to and past 10 GHz. The calculation of U was halted when a

frequency was reached such that the imaginary part of ~ changed

sign due to t ransi t—time e f fec ts .  At frequencies i~~ ediatei:r

above such a value the possIbility of chip negative resistance exist s

and U no longer has any meaning. This does not indicate that the

devices are unusable at these frequencies , only that stability may

become the -dominant circuit design concern . If the device is

intended to function as an oscillator the presence of  chip negative

resistance may well add to its capabilities .

The experimental results presented in Chapter 1 for the Low—

frequency punch—through device proved that not or.ly can t ransistors

function in the punch—through mode but that they also show improved

performance in this region of operation provided they are in the

correct impedance environment . The theoretical and experimental

results for the punch—through transistor that have been presented

in this study mUst be considered to be preliminary and are far

from exhaustive , but they do indicate the feasibility cf the device.

~~~ Small-Si~~a1 3~~ITT Diode Analysis

3.~~.1 Theory. Since the BARITT is basically an open-base

punch—through transistor a first—crder small—signal model for the

device can be obtained directly from the punch—through transistor

~~de1 of the previous section by simply eliminating the base region

- - - - -.o~~- - - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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maJority carrier circuit  elements; n~~ ely r. and 6g. The impedance

of the diode can then be expressed as the series comb ination of a

:‘or~rard—biased junction F and the injection—current—dependent

impedanc e of the back—biased. Junction Z3. That is,

= ZF + Z 3

where

= 
g +

1
j wc (3 .~o)

and

l — r M
= . (3.~ 1)

The complex quantity M is the ratio of the inj ected part ic le  current

to the total di~d.e current, -or in terms of the circui t elements of

the fo~~ar.d—biased region

M = g + J ~ C (3 .~ 2)

This approach, modeling the diode as a fci~ ard—biased region in

series with a reverse—bias ed saturated drift region, was f irst

put forth by Weller 38 in his study of the ~~M structure .

The method is similar to the calc.ulati-on of the small—signal

impedance of a Read—type I~~~ ATT diode published. by Gilden and. ~ines , 39

differing only in the physIcs of the. injection mechanIsm.

Ihe - second—or der small—signa l BARITI’ diode model formulated

in thi s study is ar extension of Weller ’s work , retaining the

simple description of the fci~ ard—biased region but expanding the

treatment of the reverse—biased drift—diffusion regIon by assuming

- . 
the region can be described. as a perturbation of the single—carrier

rnul tisection d.c model presented in Chapter I I .  Recall that in

-— V _ V  
~~~~~
= ~~~~

-V
~~~~~~~~~~

-V - 
- ~~~~~~~~~~~~~~~~~~~~~~~~~

——- -V-V 
~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ .~~ ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ —.~~~~



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
V-

~~~
-- - V - -  -. -

~~~~~~ 
- -

—

the ~c solution the low—field portion of the drift—diffusion region

is divided into N one—dimensional lumps, Fig.  2 .3 .  The do minority

carrier concentration within each lump is assumed to be constant

over the extent of the lump , i.e., p~~ = constant, independent

of x. The only additional assumptions , over those utilized in the

dc study, needed to reduce the small—signal equations, Eqs. 3.1

through 3.~- , to an analytically solvable set are the working

hypotheses of constant values for D , v and ~ within each lump .

Since the actual values of the diffusion coefficient D, the dc

drift velocity v, and the small—signal mobility ~ all depend.

on the dc electric field E which is a linear function of
0

position within each lump, the realization of constant

lump values for D , v and ~ requires that theso quantities be re— 
V

defined. After much experimentationthe lump values for 1, v and

that have been chosen for use in this study are the spatial

average values of each lump . That is ,

iV . <V> . = — v ax.
1 ~~. I

~ ‘0

and so on. Simple integration yields

E . E + E
U = ~ I 1 _ _ 1~~ 1 i 

~~~ — 2 .— i E + E E . — E E. + Ei S 3. L— ~ i—i s

r E E + E
5 1 $

V . = V
5 

l — ~~~. ~~~~~E lii 
~~~ . + E

1 i—L 1—1 5

V 
i_

j and
-

- VTV 
~ 

E1 + E l
- D = ., _n ,I E 4 — 

~ 
+ 

~s)

- —
-~~~ —
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wnere

V 

= ( = x.) , x . = i~~ , i N

The resultant error introduced by the use of average values for the

diff usion coeff ic ient , the -Ic dri ft  velocity, and the small—signal

nobility , as with the error resultant from the previous ic analysis

assumption of a constant lump minority carrier concentrat ion ,

is expected to diminish as the number N of I-ow— fiel d  lu~.ced regions

used in the model is increased .

The small—signal equations ,~~~ Eqs . ~.I, 3.3 and 3.~ can now

be combined to form a linear , ccr.stant c o e f fic i e n t , homogeneous ,

ordinary di f fe ren t ia l  equation for the nincrity carrier concentration

p~ wi thin  each lump :

[D . ~~~~~~~~ 
— 

~~~ . — (~ . + ~c ) J r . = , ( 3 . u 3 )

where o .  = is the minori ty  carrier equivalent conduct ivi ty

of each lump i, v . is the constant drift velocity u . < E > ., and

D .  is the constant -diffusion coe ff i c i ent u . -
’
V~~. The secular equation

—

for exp (y :c ) solutions of Ec .  3 . .~3 has roots

= 

~~~ 
~~~~ I~~ + ~~~~~ + j~ c)/c) (3.~~~)

L which implIes a forward and. a reverse space—charge wave within each

L 

lump . Since the values of the parameters under the radical are all

pasitive quantities the space—charge wave associated ~~th the plus sign

in Eq. 3.~~ travels in the negative x—-iirection. The concept of

* 
- 

Recombinati on lifetime for a single—carrier model is in fin ite 
V

by definition .
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holes in effect  diffusing back against a positive directed drif t  flow

is physically unapPealing except in a very small region near the inj ec—

tior~ poi nt x = 0. We therefore neglect this portion of the solution

in each lump ; that is , all injected holes are assumed to be collected

and

0
= p~~ e 1

where is the injected small—signal hole density for the ith lump,

im(y. ’) is always a negative quantity and is the local spatial

variable. Substituting this solution back into the snail—signal

ecuaticr .s and solving for the particle current -density, we obtain

af ter some algebra

J . ( :)  = J
0

. e + II — e - I 

, (3 . 15)
P1 pi 0 . + ~jW E 

~ I

where again the 0 superscript indicates the inj ected or ini t ia l

V value . ~n equivalent circui t for each lump of the l ow—field

region ~f the diode can be developed from Eq. 3.~ 5 in a manner

similar to the derivation of the collector—base depletion—layer

model given In Section 3 .2 . 3 :  The expression for the total current ,

Eq. 3 . 2 , is averaged over the extent of eac h lump ; that is ,

r. j~c
- 3 = J.

~ 7 . ,

t p1 o.~~. — 04 (1 — r~ )
— 

+ j b~E 
— 

+

3 J° .~ . + ‘Lv . , ( 3 . 16)
i t

- 

—-V —V ~~~~~~~~~~~~~~
- —- ~~~~~~~

-- — - - -  - -
~~~~~ ~~~~~~
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where

ci

~ ~~r. — I  e~~ dz
1

0

— 
e — 1
Yi~

and

v. I E. dz1 J 1
0

This equation is represented by the equivalent circuit shown in

Fig. 3.7a. The equivalent circuit for the entire diode can then

be constructed as the series connection of the forward—biased

region, the N lumped low—field regions, and the saturated drift

region as shown in Fig. 3. Yb . The saturated drift region can be

treated as the I~ + 1 lump low—field region if the following

~od~fications/simp1ifications are ut ilized: ~~~~ = +

DN+l = D(E = E )  T v
T
/(2E5), ~N±1 

= W
c 

— and aN+l = 0.

The equivalent circuit of Fig. 3.Th can be considerably

simplified by use of some rather tedious algebra: The total small—

signal voltage v
3 
across the reverse—biased drift—diffusion region is

the sum of all the lump small—signal voltages,

N+l
7
3 

v .
i~ 1 -

but from Eq. 3. b6
N+1

73 
— 
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_ _ _  -~~~~~~~



— ——------— ~~—~
-- _

~~~~~~~~~~~~~ t - —_- -- -~

—7 8—

0

~~~~mi

(a )

FIG. 3.Ia EQUIVAL~~iT CIRCUI T FOR iTH LUMP IN BARITT

DIODE DR IFT-DIFFUSION REGION .
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.0 r. 0 0 0
~
1pI L m I Jp2 1’m2

L-Y F-J ~V 1~ J L~2 J L-V N~ ~~
(b)

FIG . 3 . To COMPLE’I’E EQUIVALEI~T CIRCUIT FOR T~~ SECOND—ORD~~

BARITT DIODE MODEL .

‘I
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Using Eq. 3.b5 we can ~‘ar~ a general expression for the injected

particle current into each lump :

J°. = J° M. + J N ,P1 pu t i

where

i— .I
e

j=1

and

~- —~~ r ~ i—i
N . 

~ 
[
~ 

+ 1 ~~~~
( i _ e  ) II e J— i=i j k=j+i

Substituting into Eq. 3.L~7 yields

N+l
= ~ ~~~ [( 1 — N .r .) J  — J°.M.r . ]B i m .~. t p i i m ~.

which can be expressed as

= 
~~

- 
~~~ -

where

N+1 1 — N .r
1
~~~

.i (3. L~9)
1 1  3.

and

N+l M r
“~ 

i~ 1 ~~~~ 
(3.5 0)

The equ.iralent ci:~u.ft for Eq. 3.L~8 is shown in Fig. 3.8. One

advantage of this reduced form is its si~i1arity to the first—
- 

-~ order model of Eq. 3.L
~1. 3y direct analo~~ the second—order diode

impedance can thus be expressed as

~ 

-:--:
~~

-- - :  -
~~ 

- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —k--
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FIG . 3.8 Sfl’~LIFIED E~UIVAL~~T CIRCUIT FOR THE SECOND-ORDER

BA.RITT DIODE MODEL .

—— —— — —- i~~ 2nt~~�t?t - r- - — — —  — r..~A ~. ~~_



-~~~~~~-~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~
—

~~~~~ - -

—82—

1 
_ _ _ _z = +d g + jw C Y ‘

e e B

3i~. .2 Results. The convergence properties for the small— -

signal diode model as a function of the number of low—field sections

N is demonstrated in Fig. 3.9 where the small—signal resistances ~f

a ty~ ical X-band p
4

np~ Si diode are plotted vs. frequency. The

iiode has a base region width of 6.0 ~m, a base region doping

density of’ 3.3 x lO~~ cm~~, and a -d~ current density of 50 A/cm
2.

As can be seen , even two low—field sections are sufficient for a

reasonable convergence.

Theoretical values of diode small—signal resistances are

given in Fig. 3.10 fcr the three p~np~ Si diode structures that

were e~~erimentally characterized by Sna~p and ~Jeissg1as.
10

The diode iescriptions and the measured conductance values are given

~n the ~nserts to the~figure. The agreement is quite acceptable and

lends confidence to the overall accuracy of the model.

Final y, the theoretical values of small—signal negative

resistances for four of the eight dc maximum power p~n~~Si diode

structures, described in Table 3.1, are plotted in Fig. 3.11 as a

function of’ frequency . The dc current density for each diode has

been scaled from diode No. 1, approximately proportional to base

region doptng density, according to the scaling law given in

Chapter I. Parameters for diode No. 1 are those of

device No. 1 described in Referenc e 23. Also shown in FIg. 3.11

is the t 2 behavior of the maximum value of negative resistance.

— ~~~~~~~~~ -~~- _ ~~~~~~ — .~~~~ .._. -
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—1 2  - NdII 2 X I O ’5 cm 3

DEVICE J0~~50 A/cm 2

10 - / \ DEVICE w 9 (~~m)

— 8 -  A 9.8
8 7.9

/ \ \  C 5.6

U, -4 -
U,

C

~~2 r

6 
9 1 1 13

FREQUENCY , G~lz

FIG. 3.10 COMPARISON OF SMALL—SIGNAL IMPEDANCE , THEORY (
~i = 10)
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Table 3.1

Dc Maximum Power* p~np~ Si BARITT Structures

Base Width Base RegIon Doping
Device No. - w

3 (‘~im) Nd
/1O ’5(c

~~~
) (A,’cm2)

1 6 3.3 260

2 5 14.0 320

3 14 5.0 L~0O

14 3 6.6 520

5 2.5 8.0 630

6 2.0 9.9 780

7 1.5 13.0 1000

8 1.0 20.0 1600

~‘ wN
~ 

20 ~~~~~~~~~~~~~~~~
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MAXIMUM POWER STRUCTURE NO. 3
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1. ~~~~~~~~~~~~~ .
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~

,

20x 10 5 - 

I i
i~~30x10 5 - I I I
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FREQUENCY , GHz

FIG. 3.11 SMALL-SIGNAL IMPEDANCE FOR FOUR DC MA~~ 4UM

POWER STRUCTURES.
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These eight do maximum power stru.ctures are reexamined under

large—signal conditions in Chapter 71.

The small—signal BARITT diode model presented in this section

forms the basis for the detector and faur..—frequency mixer studies of

Ch~~t~ r~’ :v and 71:, respectively.

3.5 Small—Si~~ial BARITT Diode Noise Analysis

Noise contributions to BARITT diode small—signal vc tages

and currents arise from two primary sources : the randomness of the

injection process (shot noise) and the carrier velocity fluctuations

within the irift—di:’fusion region (diffusion noise). The

methods employed in this study for analyzing these twc

.independent processes are extensions of the work of Haus et

who considered a simplified ~~M structure ~imi ar to the first—order

model presented in the previous section .

3.5.1 Shot Noise. Dc currents injected across a forward—

biased ~—n junction exhibit a short—circuited noise power spectrum

of the fcrm~
2

_____ 
20J ~flj 12 = 

- o
ns 1 A

where Jo is the dc current density , A is the cross—sectional diode

area , and ~f is the observation bandwidth. This noise source

can be incorporated into the second—order model of Fig. 3.3 by its

inclusion as a shunt current generator S across the forward—biasedns

portion of the diode, Fig. 3.12. The open—circuit diode noise

• voltage can then be calculated as follows : The noise voltage

v across the forward—biased region must produce particle and.
Fm 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~
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J ns

9e F9 V F n

_ __ _

L + 
V Ffl 

— L + 
V Bfl 

—

F:G. 3.12 EQUIVAL~~T CIRCUI T USED TO FIND THE 0P~~—CIRCtJIT

NOISE VOLTAGE v = v~ + v DUE TO IN~~CTED SHOTns ~n Bn
NOISE.

L

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~_:_ _____________________________ 
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displacement currents such that the total diode current is zero ;

that is ,

J ns
= —

g + J ~ C

Similarly , the voltage across the drift—diffusion region due

to the injected particle current, S + g v~ , isns e ~n

~ c r
— J  

e
Bn rxs + j wC

~~
)

The mean square value of the total diode open—circui t shct noise

voltage, 7~~ = vF + can then be expressed as

~~~+ juc r 2
= 

~ns~ ~Y~~(g~ + ~~~~~~ 
(3.52)

The re su~ :s given in Reference 141 neglect v and oan be obtained

from Eq. 3.52 by sett ing = and = j uC0 .

3.5.2 Diffusion Noise. Several authors~~
3
~~~ have shown

that the noise due to d.c carrier velocity fluctuations in a drift—

diffu~~on region is distributed, in nature and can be represented by

a continuo us series of uncorrelated small—signal noise

current sources . The correlation function for these distributed

sources is

____________  

2Dp

L 

~~~~~~~~~~~~ 
= 

A 
° ~~x — x’ )  , (3 .53)

where p is the d.c hole concentration , D is the hole field—dependent

di f fusion coeffI cient , and ~(x — x ’ )  is the impulse function.

Over a small enough interval can be considered a constant ,

independent c,f position. The particle current density within this

- . --_-- --— -•— •-—--~~~~~~~~ -.~-
_- .. _ ____________________

- — -:.-~-—~~~~~ — .i__ _- 
.
~~

=
~~~~~~~
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interval can then be solved for , similar to the formul ation of

Eq. 3.145, as

J~ ( z )  = 
0 ~~~~~~~~~~~~ 

J
nd )(l — e

Z_
~~~)

where aga in z is the independent spatial variable , z x , and

= If the length of the interval is small enough such

that it approaches the differential dx , then

J ( z =x + cjx) — J (x ) d,xp ~~+ j~~ nd

The open— circuit differential voltage across the drift—diffusion

region due to this one noise current source is

yJ (x)  u
v — eBnd o + jw ~ j x

Thus by superposition the voltage due to a continuum of no ise

sources is

~w y(x)J (x) ,w
I c nd I c= I I e ~iz d.x2nd J O 0 ( x )  + j w c  j

which has a mean square value of

______ _______  rw rw H2 J (x )J *  (x ’ )  rWc c rid rid c
~3n&’3nd = j o~ + J~’ 

e dz

y(z-x) dz dx dx ’

Using EcL. 3.53, kB~~
JZr educes to

~w 14q2Dp I~ I2 rW0 j O  YZVB d  j E~~ 
+ 
~wc~~]A J~ 

e dZ ‘ix

0

or , in terms of the lump boundaries ,

i
i

I 
_ _—1-~~~~~~~
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_____  
‘ N’s’]. D.  . 1yj 2 x .

lv 3~ d, I = ~~~~ 

~~~~ 

~ 
(wc)2 Q~(x ) dx (3.514)

1—1

where

rx . y.z N+1 cx Y Z 2
Q.(x) = [ e 1 iz+ ~ e~~ dz— J x ~=i+1 x~_ 1

Equation 3.514, though complicated , can be evaluated in closed form .

The results given in Reference 142 can be obtained fron Ec. 3.5~ by

using ~n.y one section , assuming a saturated drift ~~1ocity and no

di f fu s ion  in the oalouiation of y ,  and setting ~ = 0.

Since no diffusion noise is associated with the forward—biased

r egion of th e  d~:~ e , th e or e n — c i r o o l t  d i f fuz i o n  noise for the entire

diode :~ 
Z is e~ ua1 to v~

~.5.3 Results.  The computed mean square open—circuit noise

voltages , shot and d i f f us i cr i , for the t~~~ical X—band Si p np BARITT

diode discussed in Sect i on 3. 14 .2 are sho~~i in Fig . 3.13 as functions

of frequency and bias -ourrent density. in the negative—resistance

regIon of the diode , the two mean square noise voltages can be added

(they are unoorrelated) and used to compute the noise measure of

the diode :

jv I~ 
+ Iv

noise measure ris rid

The noise measure of the X-band diode of Fig . 3.13 as a function of

frequency and bias is shcwn In Fig . 3.114.

. - 
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FIG. 3.13 SHOT NOISE AND DIF?USION NOISE MEAN SQUARE VOLTAGES

FOR AN X—BAND BARITT DIODE. (p ’4’np’s Si BARITT ,

Nd = 3.3 x 10 15 cm ” 3 , w2 = 6 ~m AND J 50 A/cm2)
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FIG . 3.114 SMALL—SIGNAL NOISE MEASURE FOR AN

X—BAND BARITT DIODE . (p ’s’np
4 

Si

BARITT , Nd 3.3 x 1015 cm 3 
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wB~~~6~~~
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The simple theoretical noise theory of  this section is

compared with the experimental measurement s of Bj~ r1~~an and Sriapp~
6

in Fig. 3.15. As in the theoretical study of Sj~1und,~
7 a resistance

of 1.5 x 10~~ ~—cm 2 has been assumed to be in series with R
~ 

to

account for substrate/contact loss,  Diode heating has not been

considered in the theoretical model; however , at low current

densities the agreement is quite satisfactory .

- i
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~ .I33 A/cm 2

21 - ~~ 
~

‘‘

FR~OUENCY , ~3i’~i

‘9-
J0~~33 A/cm

2

67

:3 - THEORETICAL

1 1 -

9 1_____ - I

5 6 7
FREQUENCY, GHz

FIG. 3.15 CO}’~ ABISON OF T~~ORETICAL AND E PERD€NTAL~~

NOISE PROP~~TIES OF A p
’s’np1’ 

Si BARITT DIODE .

(SNAPP AND WEISSGLAS10 DEVICE B, N
’i 

= 1.2 x iO~~

cm 3 , V
3 

1.9 ~~)
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CHAPTER IV. BARITT DIODE VIDEO DE’i’ECTO?S

~~~~~~~~ Introduction

The forward—biased junction of the BARITT diode , as discussed

in Chapter II , exhibits near exponential injection of m~riority

carriers over its barrier and therefore a near exponential particle—

current voltage relationship when the total device is in the punch—

through mode. We can exploit this  nonlinearity of the 3AR ITT d±ode

injection process and produce an efficient detector of microwave

power in t~~ fundamentally different manners . The f i rs t  detection

scheme takes advantage of the ability of the diode to present a

negat ive resistance , due to t r ansi t—time effect s , at its term~na1s

over a certain frequency range . Within this region of negative

resistance , inc ident signals upon the diode are amplified by the

reflection process vith the magnitude of the reflection gain

determined by external circuit constraints . Thus it is possible

to have the magnitude of the voltage that appears across the

forward—biased portion of the diode larger than the magnitude of

the incident signal itself. That is, the diode is capable of

simultaneous amplification and detection . The second method of

detection makes use of the fact that for frequencies higher than

those in the regIon of diode negative resistance the real part ci’ the

impedance of the reverse—biased portion of the diode remains positive

but falls to very low values. For certain bias levels the resistance

of the reverse—biased region can fall below the series resistance

vhicki accounts for the loss in the substrate of the diode structure

_ 
- 
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making it appear that the reverse—biased region of the diode has been

effectively shorted out. The detector as a whole then acts similar to

an exponential dIode detector with an extremely high cutoff frequency .

Both of these methods of detection are discussed in detail in this

chapter .

BARI~~ diode detectors differ from exponent ial diode , Schottky—

barrier and point—contact detectors in the following ways: (
~~) they

can attain negative resistance, (2) they do not have undepleted high

resistivity regions , and (3) they are minority carrier devices ,

although recombination plays no role in their operation . The negative—

resistance tunne..—iiode detector can amplify and detect sinu.1:anecusly

and the oack diode -detector does nct have a high resistivity undepleted

region. However , both of these devices possess degenerately doped

junctions whicn di:tate untractable millimeter—wave device ~unc:ion

areas and thus are ncc compared to the high—frequency BARITT detectors

studied here .

~.2 Exponential Diode Detector Theory

The detector circuit models considered in this study are shown

in Figs. 14.1. The impedance transforming-resonating circuit , usually

a two—port microwave cavity, is shown in general form, Fig . 14.la, arid

can be characterized by any 0±’ its two—port parameters; in this case

t its ABCD parameters. At the diode terminals the generator and

resonator—transformer can be replaced by their Thevenin equivalents

as shown iri Fig. 14.lb . The diode small—sIgnal impedance i3 shown as

the series combInation of a resistance due to the loss in the dIode

undepleted layer arid substrate and the parallel impedance of the barrIer

conductance, 
~~ 

b / V
T
, and the barrier depletIon—layer capacitance , C

b
.
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TRANSFORMING

CIRCUIT 

~~~~~~~~~~~~~~~~~~~
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R0
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DC BLOCK
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~~~~~~~~~~

R
~
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(b)

FIG. i~ .1 (a)  GENERAL E~~ ONENTIAL DIODE DETECTOR CIRCUIT

= 
~~ + (b )  THEVENIN EQUIVALENT

DETECTOR CIR CUIT Vt = V / (A + CR ) , z ’ =g g g g
+ DR )/ (A  + CR ) R’ + j X ’ .g g g g
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.1. detectable rect ified voltage signal V~ is read across the bias

resistance R due to the flow ~f recti f ied microwave current .
C

Rect ificat ion occurs due to the nonlinear exponential injection

of majority carriers across the barrier . The magnitude of the

rect if ied current can be determined. arialyticaliy~
8 by expanding the

expression for the particle current injected over the barrier in a

Taylor series about its quiescent value and extracting the do comronent

due to the snall—si~na1 RF voltage across The m~ cimum detected

voltage sensitivity y at ioop resonance normalized to the available

power of the generator with R >> the video resistance of the diode R~~)

can the n be expressed as

= 
l4R~ (R + 

2V R :+ CR CR’ + ~ + P., ) T ~ 
K0g g s o

- . y ‘ ( 14 .i)

where the first term ri is the efficiency of the transforming network

in delivering power to the diode terminals and the second term ‘
~m 

is

the maximum voltage detection sensitivity of the diode structure

itself , independent of any circuit. Since R
b 

= Re(s) 
~m 

can be

rewritten as

R
Sy = , ( .~.2)

m 2V~~~~R$(l + g~R )  + ( f/f ~)2J

where f is the cutoff frequency defined by

1 .

c 2i~C R  ‘
b s

___________ — ~~~~~~ • 
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note that f is a function of the bias point . An ideal exponential

diode would. have no series resistance and could be characterized by the

ideal detected voltage sensitivity = (2V~g~
)1  on an equal bias

current criterion . Thus a measure of detector ideality is the ratio

OfY to y ; that is ,mc

I P.
Ideality = g~R ( l  + g~R )  +

At an optimum bias current such that ~~~ = f / ,  neglecting the rela-

tively weak dependence of C
b 

on bias , optimum ideality = l/[l+2(f/f0
) ) .

The cutoff frequency f
0 is chosen as the principal theoretical

basis for comparing the quality of exponential diode detectors . Other

parameters such as noise equivalent power ( NEP ) in a 1—Hz video band-

width , video resistance P~ , and square—law d~~iamic range are also

important . In the nain , the higher the device cutoff frequency, the

better detector it will be.

l~.3 BAP.ITT Diode Det ectors

A BARI~~ diode detector circuit , Fig. 1~.2 , differs from the

erponential diode detector circuit only in its depiction of the semi—

conductor device. The 3AR I~~ diode series impedance is divided into

three values: a resistance P. representing the loss in the highly

conductive substrate—contact regIons of the diode , a forward—biased

p—n Junction impedance ZF representing the inJ ecting Junction , and a

j diffusion—drift region impedance Z~ representing the transit—time

effects of minority carrier flow in the reverse—biased Junction of

the diode . Displacement current reactances are also included in Z~~.

Rectification occurs in the forward—bIased Junction due to its J
nonlinear inJ ection of base region minorIty carriers into the

— - 
~~~~~~~~~~~~~~~~~ 

- 
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c.~:fus:on—~ir::t region . Sd i ar to the ana~ysis cO t~ e exponent~ a1

diode , the expression for the particle current :hro~~h the forward—biased

region can be expanded about its bias value in a Taylor series and the

dc component -due to the snail—signal RF voltage across ZF can be - 
-

~

isolated . The loop resonance maximum detected voltage sensitivity can

then be expressed as

— 

LR
g lR 3 

+ R~. + 
. 

zj
4

— 

IA + CR 
2
(~~t + P. + K., + P. )

2 2 1H P. + K.. +
g g 3 B

(14 .3)

where P~ = Re( F), P.3 
= Re(Z

3
) and the absolute value requirements in n

and ‘~ ref ect the possibility of negative P.3. As the imp edance and

-detect ion characteristics of a fcr~-ard—biased t—n .jur.cticn with :ic

rec ombinati on , i .e. , the furward—biased region c~
’ the 3ARITT diode , are

fornally the s~~e as those cf the maJority carrier Schottky—
’oarrier

exponential diode , a functional explanation of the 3A~I~~ diode detector

operation is this: a BAR I~~ diode detector is an exponential diode

detector in series with a dependent diffusion—-drift region impedance*

Z
3
. n essence the behavior of Z~ determines the comparative usefulness

of the detector .

The two fundamental modes of BARITT diode detector operation can

now be identified. The fIrst is the negative—resistance mode , < 0,

— 
and. the second ~.s the passive mode, R~ > 0. The negative—resistance

mode can be further quantified in terms of the level of negative

* The impedance of the reverse—biased portion of the diode is termed
dependent since io is a function of the ratio of inJected particle
current -to the total diode current , c.f., Chapter ~~I.
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resistance , i.e., RB 
< — (P. + Li, — ( P .  + R

F
) < P.

3 
< — P. , and. so on,

but our primary interest will be centered on the case of total diode

negative resistance ,

R
d 

= R + R ~, + R 3
< O

The designation “negative—resistanc e mode ” will be restricted to this -

case alone.

The expression for maximum detected. voltage sensitivity ,

~q. 
14 .3, can be specialized for each of the modes of BABITT diode

detector operation into forms which are better suited to the individual

characteristics of the mode. The maximum respons ivity ci’ the

negative—resistance mode can be rewritten as

2 2

~R P. H’ — P. 1 I
— 

g d g d1 F (~~ 14)I — 

I A + CRg I
2(R~ — R

~
)
2 R~ + ~dJ 2V

T~
R
d I

where the center term is recognized as the power gain of a negat ive—

resistance reflection—type amplifier . The identities of the other two

terms remain as before , the transforming circuit efficiency and the

d.e’r.ce maximum detection sensitivity . The responsivity expression for

the passive mode can be manipulated. into

L~R R  B ’
_ _ _ _ _ _ _ _ _ _ _ _ _  

s
I = 

IA + CRg I
2(R~ + Rd)

2 2V
TL~

.R
~
(l + 

~~R~) +

(~ .5)

- 
. 

where P. ’ = B + RB and an effective cutoff frequency has been defined

- 1

~ce 2ITCF(R
3 
+ RB

)

~ 

- - - 
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~ote that the effective cutoff frequency is not only a :-~~ction of bias

but also Is a function of frequency, P.
3 

=

Again , the first term in Eq. 4.5 is the transforming circuit

efficiency and the second is the device maximum detection sensitivity.

In direct analogy with the exponential diode detector the effective

cutoff frequency 
~
‘
ce is chosen as the fi~~re of merit fcr the passive

mode BARITT diode detector. A sensitivity figure of merit for the

negative—resistance mode detector is discussed in the next section.

!~•i~ Theoretical and Exoerimental Results

The theoretical negative—resistance mode detection idealities ,

for four of the eight Si p+np+ d.c maximum power structures of

Ta’ole 3~~ are shown in Fig. 14.3 as a function of frequency . The bias

condit ions for eac h diode are as given in Table 3.1 and a minimum

magnitude of diode negative resistance , 2 x 10—6 c2—cm2 , is the criterion

for the determination of useful negative resistance ~~~~ a—cm resistivity

substrate, 10 i.im thick). Presentation of the data in the format of

Fig. 14.3 can be confusing for it appears that the id.eality and therefore

the detector quality improves toward the edges of the negative—resistance

regions and with higher frequency devices . It is true that the ideality

by definition behaves in this manner ; however , the ab~ 1ity to produce

stable reflection gain must also be taken into account, i.e., the

larger the magnitude of negative resistance the better , in the

determInation of overall quality . Thus a better measure of the actual

quality or usefulness of the negative—resistance mode detector would be

the negative of the ideality, — ‘y /y
~~~, 

akin to the Q of a negative—

resistance device. WIth this In mind, the lower values of id.eal~ty in

Fig. 14.3 ~ndIcate the better detectors .

— _ _ _  

L
-— 

—.. - ._ _ -
~~~~~~~~~~~~~--

~ . ~~~~~~~~~~~~~~~~~~~~~~~~~~ • -
~ - -—-~~~- -..-—-—-- _~~~~~_ ~~~~~~~~~~~ - ~~~~~~~ ~

—
~
------



- 
-~~~~~~~~~~~~~~~ — — ~~~- - —,— - -- - - ---— --- -- -

~~~~~~~~~~~ -- ~~~~—- -
~~~~~~~

-
~~~~~~~~~~~~~

-- - -- —
~

—105—

‘H
h

ow~/ wI~ —

I-
4- — — -— —-— -.-- 

—— 
—



p.- -— --- --- ----

~~

- --—-

~~

-—-, ----------

~~~

- -- -

~~~ 

--—-- -_— -_— - - -

—106—

Beyond the frequency region of negative resistance the

small—signal resistance of the diffusion—drift region K. for four of

the d.c maximum power structures behave as shown in Fig. 14.14 . In

general, the magnitude of H3 falls with decreasing d.c bias current and

therefore the effective cutoff frequency of -a passive mode detector

using these devices would rise. To compare these structures as passive

mode -detectors on an even basis , a co on d.c current density of 50 A/cm2

has been chos en.  On the whole , falls with frequency for each

structure. The physical reasons for this decrease are twofold :

First , and most important , fo r frequencies many times higher than the

frequency of maximum negative resistance the induced terninal current

due to the flowing minority carriers within the diffusion—drift region

appears aimost as a constant current to the rapidly changing terminal

voltage. The real power dissipated in the diffusion—drift region , the

average of the product of these owc quantities , therefore falls with

increasing frequency . Second , the diffusion—drift region is shunted

by a. displacement current capacitance. Once the value of RB falls to
a value below that of the fixed series resistance of the substrate

contact , H , its effect on f is diminished and. the effective cutoffs ce

frequency becomes nearly frequency independent . A plot of the effective

— cutoff frequency for d.c maximum power structure No. 2 as a function of

frequency and bias current density is given in Fig . 14.5 for an

assumed P. of lO~~ c~—cm
2. The transit—time effects on B3, and thus

are clearly seen for the higher levels of d.c bias. For all bias

levels the magnitude o±’ H
3 eventually falls monotonically 

with

frequency and its effect on f’ is reduced .
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Measured maximum detected voltage sensitivities for a p+np+ Si

diode with a base region doping density of 14 x 101 5 cm 3 , a base width

of approximately 3 ~.im , and. a one—dimensional junction area of

2 x 10_s cm2 are shown in Fig . 14.6. The K—band measurements were

made with the packaged diode placed in a W R— 1 42  waveguide cavity with

a resonant cap structure~~ such that with the addition of an E-H tuner

the diode was capable of oscillation at 21 GHz. The Ka—ban d measurements

were made with the same packaged diode placed in a similar WH—28 wave—

guide cavity with a resonant -cap structure such that second—harmonic

power could be e~ctracted. at 36 GHn . - Second—harmonic operation is

discussed in Chapter 7 .  Also shown in Fig . ~ .6 are theoretical

sensitivities for tne sane diode structur e with  the transformed

generator impedance as a parameter. As predicted , the sensit ivity

within the negative—resistance region could be made arbitrarily high

depending upon how close the equivalent generator impedance could. be

tuned to the total diode negative resistance. Since the resonant cap

structure is a fairly high Q. as well as a multiply resonant circuit ,

the E—H tuner was not maximally effective at each frequency in

coupling generator power to the diode. To show the relatively

narrow—band respcnse o± the detector circuit while the diode was in

its negative—resistance region , a l00—~fl~z wide swept measurement was

made around a center frequency of 20.5 ~ iz for a tuning that gave a

midband response of y = ..8 x l0~ mV/mW. As can be seen in Fig. ~ .T

the 3—dB bandwidth was only about 10 ~~z. Tuning for less midband

gain gave a wider response curve, while tuning for a higher midband

gain produced a narrower curve; a typical gain—bandwidth tradeoff.

The ~TEP of the detector was also measured when the signal frequency

-: - t —~~~‘
j
~~ —~ -—-—----~~ -—--—- —--~~-----~~~~ ---- -

~ -~ -- —j- -~~~~~~~~~ —~~~
_
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was in the negative—resistance region of the diode . Similar to the

detected voltage sensitivity measurements, seemingly arbitrarIly low

values of NEP could. be measured depending upon one ’s willingness to

accept narrower and. narrower frequency response with increasing

sensitivity . ~JDical1y, stable NF~ values of —99 d~m at a video

frequency of-I kHz could be obtained. at 20.5 GHz. Still lover

values , —109 dEn and below , could be obtained. as well but could not

be maintained. due to bias , tuning , and generator instabilities.

The two measured points near 35 GHz in Fig . 14.6 demonstrat e

experimentally that a BARITT diode can function as a sensitive

microwave detector at frequencies higher than those within the region

of diode negative resistance. This ability is further demonstrated by

the results shown in Fig . 14.8 .  Here the measured and theoretical

results for y at 27.1414 GHz and Rv are shown for a packaged X.band

diode (similar to the one described in Fig. 14 .9 )  mounted in the WR—28

waveguide cavity mentioned previously (different resonator cap diameter).

The theoretical predictions for assume a series resistance of

io~ ~—cm 2 , 10 ~m of 10 2 Q—cm substrate; no attempt was made to

estimate the device contact resistance. The transforming circuit

efficIency was estimated by cavity Q measurements using a shorted

diode package to be approximately 140 percent at a diode bias current

of 100 uA . The measurement procedure was as follows: The one—port

cavity parameter input coupling coefficient , B 1, and intrinsic Q,  ,

of the cavity—diode mount with the shorted diode package in place were
L 

measured at the closest cavity resonant frequency that was higher than

the resonant frequency of the cavity mount with the dIode in place

(less energy storage implies a higher resonant frequency). The loaded

- - — - - - _L_ - 
-

- 
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~, ~~, -o:’ the two—port cavity mount with  the diode in place was

measured by the transmission methodDO using the diode itself as the

detector of transmitted power . Since the change In resonant frecuency

between the two oases was small, 5 percent, it is a fairly good

assumption that 
~~

. and 
~ 

did not change appreciably between the two

cases . Thus from = ~~~~‘(l + 
~ B2) an estimate for the diode

coupling coef f ic ien t , ~.,, can be obtained and the resonant transmission

eff iciency 50 T(~~~) = 14~~~ B~~/ ( 1  + + 
~~ 2 

can be calculat ed . The pocr

coupling efficiency partially accounts for the discrepancy between the

measured y and the theoretical y of Fig.  14 . 8 ;  the remaining gap

between theory and. experiment is thought to be due to the ccntact

resistance at the emitter.

L .5 D:scuss:on -

:~ has been shown both experimentally and theoretically that the
BARI~~ diode :an f-~r.ction as a useful detector of  microwa-re power . :n

the negative—resistance mode the diode is capable of sinultaneous

amplification arid detection , resulting in an extremely sensitive though

narrow—band detector . However , the greatest potential of  the diode

lies in i ts passive mode of operati:n at millimeter wavelengths . For

this mode the real part of the diffusion—drift region impedance is

effectively averaged out at high frequencies and power can be efficiently

transferred to the rectifyIng fo~~ard—bIased j unct ion .  Theoretica.

cutoff frequencies exceeding 1000 GHz are predIcted for Si one—

+ +dimensional p rip structures .

One obvious and simple im~ rcvement that could be ma-ic for

detectors that are specifically intended for the passive node of ~- 

-
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operation is to fabricate the devices with a higher nobility substrate

+ +
naoer:al such as n—type ~i or ~~~~ (n pn devices) and thus lover the

substrate loss resistance 
~~~~~~

. The substrate could in principle be

eliminated entirely by using an MSM structure, back—to—back Schcttky

barriers ; although the control needed for the processing of the

resulting wafers, 1 to 5 ~m thick , may prove difficult . These

improvements aside , a nagging ~uestion remains, “What is the validity

of using predictions from a theory that considers only one—dimensional

structures at mi llimeter wavelengths where circuit impedance level

requirements would force device Junction diemeters to be comparable to

the depleted base region thicknesses? ” An accurate answer to this

question awaits a complete two—dimensional analysis, but a reassuring

counterquestion is this , ‘~~iy not make the devices two—dimensional in

the first place?” Since we desire the real part of the impedance of

the d i f fus ion—dr i f t  region to be small for efficient passive node

operation , construction of a large area reverse—biased region can only

help detector sensi t ivi ty.  A proposed twc—dim erisional structure for

passive mode BARITT diode detectors is shown in Fig. 14.10. This is

the BARITT diode version of the “honeycomb ” structure originally

proposed for millimeter—wave Schottky—barrier detector and mixer

dIodes by Young and Irvin.51 For this device the effective collector

diameter d.c will be larger than the actual diameter of the emitting

junction d., due to the two—dimensIonal spreading ~f the current in

the reverse—biased region. Further current spreading will occur in

the collector substrate region; resulting in the series resistance of

the substrate being solely d.ete~~ined by the spreading resistance for

values of effective collector diameters less than the substrate

— 
— . -  --- - - - - - - ——— — .- — - -- ---- ---—-- — — -. _f~~
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thickness. That is ,

where R
5~ 

is the spreading res istan ce52 and ~ is the substrate

resistivity . Our previous calculation ~f R5
, for a given device

junct ion area , was

________ 

8w3R = 
~~(~~~~I2)2 

= R~~

Thus , when ~~ becomes less than w
3 due to circuit impedance level

constraints the previous estimate of R becomes exceedingly

pessimistic if the device is two d.imensicnal.

Based on the assumption of a two—dimensional passive mode

detector , effective cutoff frequencIes of greater than 10,000 GHz

are envisioned for p~np~ Si BP~ ITT diodes . Cutoff frecuencies in

this range would exceed the highest reported zero—bias cutoff

frequencies for GaAs Schottky—barrier devices known to the author.53 ’~~
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CHAPTER 7. OPTICAL DETECTION WITH PUI1CH-T~~ OUGH

S~~~ CONDIJCT0R DEVICES

5.1 Introduction

The open—base phototransistor has been in existence for some

time and its operating characteristics are well understood .55

Howev er , operation ~f a phototr ansisoor in the punch—through mode ,

essentially result ing in a 3~~~TT diode structure , does not appear oc

have been pre’ricus y considered . As the BAPITT diode has a frequency

region of negative resistance due to the transit—time delay of inJ ected

carriers , so too does the punch—through open—base phototransistor ;

thu s , optically generated microwave current s can be amplified by

choosing the proper load and placing the device in a rescnant circuit.

is worth noting that a similar scheme of optical generat ion ,  Low—

frequency quanti~ i gain and microwave negative—resistance an:lificatlon,

could. be implemented using an I~~ ATT diode but the comparative .y lower

noise properties of the 3ARI~~ diode suggest that it may be the

superior detector .

A first—order theoretical model for the punch—through photo—

transistor is presented iri this chapter . The highly simplified model

for the punch—through transistor discussed in Section 3.3 and a single

collector— base region optical current generator are used. to describe

the structure , and the results for one specific structure are presented

in detail.

A suggested name for the open—base , transit—time, punch—through

phototransistor is the “photo—BARITT .”

—119—
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~.2 Optically Generated Currents and Transit—Time Effects

Carrier pair generation by optIcal absorption can be math—

ematically stated by the conservation of photons equation ,

—~ x carriersG = G  3p o cm —s

where G and G are the electron and hole density generation rates ,

~ is the optical absorption coeffIcient and 
-

~~~~ 

is the magnitude of

the photon density incIdence rate at x = 0. If the ort i-cal generat ion

takes place in a depleted region where, for simplic ity , the carriers

are assumed to drift at their saturated velocity v , then the following

first—order nonlinear ordinary different ial equations can be -derived

for the phasor electron and. hole ccncenorations *

d ~~~ — c&x - ,— — J — - — n = e
dx VS S

and

+ J = e~~~~ , ( 5 . 2 )

where u is the modulation angular frequency of the incident light.

These equations differ only in the s ign of the drift velocity , i. e . ,

the direc tion of drift , so a solution for one can be derived from the

solution for the other by a simple sign change of v .  The solution for

either Eq. 5.1 or 5.2 is obtained by variation of parameters and can

be expressed as

* We assi~~e carrier pair generatIon, throughout the depleted region
rather than simple edge generation as asst~ ed by Gé.rtner . 5~
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‘
~ ~~ (~~/v )x

0 o —axm (x) = m ( 0 )  ± 
— 

..~ e 
— 

e ,

+

(
~~

)

where m represents n or p and the upper sign is for the hole solution.

The depletion layer is assumed to extend from x = 0 to x = w,, so the

boundary conditions for optically generated electrons and holes which

determine the constant in Eq. 5.3 are

n (w 0
) = 0

and

p( o )  = 0

The solutions fcr electron and hole concentrations can now be

substituted into the expressions for electron and hole saturated

drift currents and spatially averaged. over the depleted region to

determine the induced terminal currents due to optical generation.

The results are:

-aw
3
n~ 

= a + j ( w I v
~

) L3
~ 

— e C r ( ~ )] (5 . 14)

and

a - j (~~/ v )  - S ( a)j  , (5.5)

‘there
c/ 1 — cS~ a~ =

c

- -~~ -— -~~~~~ ~~~~~~~~~~~~~~ — — . ~~- --. ~~~~~~~~~~~~ ~~~~~ ~~~~~~~~~~~~~~~ - 
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and
—j(~~/v )w

S
/ 

_ _ _ _ _ _ _ _ _ _r~~ ) =
5 j( w /v )w

The term S ( a)  is the low—frequency cullection efficiency , 1 — e

nor malized to the optical absorpt ion length of the depletion re gion ,

aw , and the complex transIt—time factor , r (w), is the same factor

used in the simplified analysis of the collector—base space—charge

layer in a tr ans istor , Eq. 3.37 . Plots of the magnitude of the

total optical terminal current density for di ode area A ,

I = (~r + J  )
~fly pv

normalized to the incident available photogeneration current,

for several values of depletion—layer wIdth , 0.7 ~m wavelength

light and. a = 2 x ~~ cm~~ (Referen ce 57), are given in Fig . 5.1 as

a function of the optical inodulaticr. frequency . The t ransi t—time

rolloff effects are clearly evident.

~~~ Punch—Through Phototransistors——Photo—BARITTs

If the optical generation depletion region of the lest section

is identified as the collector—base space—charge region of a punch—

through transistor (PTT), then the resulting structure can be termed

a punch—through phototransistor. For a first—order analysis, it is

assumed that the optical generation is solely confined to thIs same

depletion layer. The relative widths of the collector—base and

emitter—base depletion layers in a normal PTT structure and the short

mean time to recombination in the highly doped emitter and collector

undepleted bulk regions justIfy this assumption . Thus, we combine an

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - - - --- - -~~ -~~~ ___________________________________________ — ~~~~~~~~~ - 
~~~~~~
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optical current generator and. a ?TT and arrive at the small—signal model

shown in Fig . 5.2 , where the symbols , except the optical current

generator , all have the same meanings as introduced in Chapter III.

In the absence o± light J~ = 0; therefore, there are few mobile

electrons in. a two—terminal p~ np~ structure within the metallurgical

base region except for those produce d by the relat ively small and

constant leakage and. generation process. It follows that for small—

signal ac currents the two—terminal structure can be considered a single

carrier device. This is the standard. case for BARITT diode operation.

When light is presen t , photogenerated electrons are swept to

the transition point between the forward— and reverse—biased emitter—

base and collector—base depletion regions . The presence of electrons ,

i.e., space c harge, lowe r.s the emitter—base barrier and. allows many

more holes from the emitter to be inJ ected into the base where they,

along with the optically generated holes, are swept to the collector.

Since ~ is the ratio of the d.c emitter electron current to the d.c

emitter hole current , It is normal.y quite small and thus the low—

frequency quantum gain (1 + ~~~ is quite high. In the absence of an

external base lead the only means available to increase ~ is to

increase the leakage or generation current or to optically d.c bias

the device with a constant light source.

The small—signal impedance Zd of the punch—through photo—transistor

for a one—dimensional two—terminal structure is identical with the

smail—signal impedance of the BABITT diode and can be derived using

the fact that the total current through the device is independent of

positIon and the fact that the conduction current withIn the collector—

base depletion layer is a space—charge wave traveling at the saturated

_______ —~~ -— ~~~ -- - -
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-
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dr i ft velocity . The procedure parallels the derivation of the smal .—

signal impedance of a Read—t rpe I~~ATT dicde
39 and was given in

detail in Chapter 1I. The resulting expression for is

i — Mr(~ )Zd = + , (5.6)

where M is the ratio of the hole conduction current to the total

current in the forward—biased emitter—base dIode :

M = 
e

The equivalent circuit of Fig.  5.2 , exce~ t for the light generation

current and the emitter—base diode conductance perturbation 6,

follows from Eq. 5.6. A plot of the real (R) and. imaginary (x ) parts

of Z , is given in Fig. 5.3 for a 5—um wide collector—base depletion

layer and bias conditions of J = 100 A,cm2 and C
c/C e = 0 . 05 .  The

device input resistance reaches its maximum negative value,

—0.8 x ~~~~~~ ~—cm
2, at a frequency close to 17 GHz. Thus , to produc e

a reflection—type amplifier at this frequency, an induct ive reactance

of 5 x l0~~ ~—cm
2 and a resistive load greater than 0.8 x l0~~~ ~—cm 2

are used as a series load for the phototransistor . The normalized

magnitude of the load current in FIg . 5.2, where

— [g~~ (1 + 5)  + jwC
e
] ‘v

= 
+ [1 - r(~ )Jg~ - ~

2C C Z ,.

+ JW {C + Cl + ~~(l + ~)z] C~}) 
(5.7)
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for  this particular dicde , is plotted in Fig . . as a function of

frequency with 5 as a parameter . The insert in Fig. 5.~ shows an

expanded scale for  the negative—resistance region of the device and

is a typical response curve for a singly tuned negative—resistance

reflect ion—type amplifier .

~~~ Conclusions

The results shown in Fig. 5.~ indicate that the microwave gain

of a negative—resistance photc—3ARI T is relatively independent of

the low—frequency quantum gain (l + 5)16 , but that comparable gain

magnitudes can be attained by a proper choice of R
L
. Since the

reflection amplifier can be br~adbanded by the use of filter—type loads,

3—dB bandwidths approaching or even exceeding 1 GHz can be envisioned.

:~ actual devices the carriers do not drif t  at the scattering—limited

saturation velocity throughout the entire collector—base depletion

layer. The principal consequence of nonsaturated drift , as shown in

Chapter 1 , is an increase in the effective electrical length of the

drift region and therefore a lowering of the frequency range of the

device small—signal negative resistance. This in no way alters the

concept of negative—resistance amplification of optically generated.

sIgnals but merely frequency translates its application .

In su ary, a punch—through phototransistor structure has been

proposed as a high—speed quant~~ —gaIn optical detector . Simple

expressions have been derived which predict small—signal operation and

specifically show negatIve—resistance , reflection—type amplIfication

ability near the -t r ansIt—time frequency .
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CHAPT~~ VI.  ~~~~~GE—SIGNAL ~~~.~~~‘SIS CF 3ARITT DIODES

6.1 Introduction

Several authors have presented sophisticated, single—

carrier, large—signal, numerical studies 1
’

23
’

58
’
59 of the BARITT

diode . In each case the resulting ccmp uter progr am was of such

complexity that , due to economi c constraints , relatively few struc—

tures could be studied to e.r~ degree of detail. It is the purpose

of this chapter to present a simple, closed— form, large—signal 
-

solution for the 3~~ITT diode which , even though contrived in a

sense , preserves the basic physics of the device and econcmically

predicts , with suff i c ien t  accuracy, the large—signal properties of

a full range of diode structures . it is not the purpose of this

solution to function as a means to stud.y in detail the properties

and potential of these devices , but rather to show, by comparison

with ex~eriments and other theories , that it is of sufficient detail

to be confidently applied to the frequency conversion studies of

Chapter VII. The large-signal solution can be expressed in an equiv-

alent circuit nodel form which follows from the small—signal inves-

tigations of Chapter III and in essenc e, with one very important

exception , is a BARIrr diode version of the large—signal ~~A’F~ diode

model presented by Mouthaan.GO

Sing1e—fre~uency operation is firs t discus sed. The model

results are compared with experiment and another more cci~plex theory ,

and the large—sIgnal resistance and pcwer capabiliti~ s of the maximum

d.c power structures cf Table 3.1 are presented . A multifrequency

study follows. A further JustifIcation of the method used in the —

- 
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— 

- 

-130-  
-

~

- - - ——---~~ ~~~~---.~~-— — —- 
~~~~~~~~~~~~~~~~~~~~~ 

— 
~~~~~~~ _- -~~~~~~~

--- —



--

—131—

derivation of the single—frequency model is presented using a more

correct two— frequency representation , and the possibility of second.—

harmonic power extraction is considered .

6.2 Single— Frequency Larze—Signal Model

6.2 . 1  Theory, t was shown in the dc study of Chapter II and

in the derivation of the small—signal BARITT diode model of Chapter 1

that fcr  moderate levels of d.c current density the inJection of

minority carriers and minority-carrier current i~ to the base region

of the Punch—through diode is almost purely exponential in nat-ore and.

depends or~y upon the value of the potential barrier presented to the

emitting contact. That is , c.f., Eq. 2.23,

J( o ) exp (VF/V
T
)

where x = 0 is the transition pcint between the reverse— and forward—

biased regions of the diode and VF is -the applied portion of the t otal

voltage across the forward—biased portion of the diode . If VF is

periodic with a fundamental angular frequency ~~~, then the current

density J(O) is also and can be expressed in the form of a complex

Fourier series as*

J( O) = j  + V ej~~
t m ~ 0 , (6.1)

where = J~~ , as 3(0) must be a real quantity . Since the mth

component of J(O) is 2 Re [(~~/2)e~~~
t
~ , the quantity is the phasor

representation of J
m

( O )
~

- 
. * In this chapter all complex quantities , except impedance and

admittance terms, are denoted by “
~~~~~

‘
; all terms without “ “

are real.
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It is obvious that if the voltage across the forward—biased

region of the diode varies in the large—signal sense then the extent

of the forward—biased region itself must also vary in a large—signal

manner. This behavior is borne out by the numerical studies of

Kwok1,23 and Karasek.58 The position of the injection point x = 0

is thus modulated by the drivii~.g voltage across the forward—biased

region. This variation with drive is ignored entirely in the deri’ra—

tior. of the anal~~ic large—signal model of this chaDter. To account

for it would deprive the model of its simplicity , particularly in the

representation of the forward—biased region, and to estimate it would

require a detailed kncwledge of space—charge layer behavior under

forward bias . This problem dii not arise in the small—signal study

since the variation is a second—order correction and is lcst in the

lineari:ation of the small—signal equations . Kowever , under large—

signal drive the variation results in yet another nonlinearity if the

strict separation between the two regions is maintained. The approach

taken here is to simply ignore the problem and await the results for

justification.

For the purposes of this study an “average” forward—biased

reg~cn width is defined. as the distance given by the depletion

approximation. That is,

we 
~
,J 

cV~~0/2qN~

where 
~
1
Ftc 

is the total d.c voltage across the forward—biased region

‘ TFto can be solved for once the level of RF drive and d.c current

densIty ‘nave been determined). With the width of the forward—biased

region taken as a constant with respect to time, a forward—biased

~~ region space—charge capacitance CF 
can be defined as was done in the

small—signal model and the Impedance of the forward-biased region at

- ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ --- ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -_-~~~
__
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rn~ can be expressed as

= 

~m
’
~~Fm~ 

+ J~ LA~CF] ( 6 . 2 )

where V is the phasor voltage across the region at m~ .

The reverse—biased region of the diode , as in the small—signal

model, is divi-ie’~. into subregions . However, the number of subregions

is restricted to two and. the corresponding methods of current transport

in each are assumed. to be the l imiting cases of pure -diffusion (nc

drift) and saturated drift (l i t t le di f fus ion) , respectively . These two

l imiting cases of current transport and their assignment to two

separate regicns represent the contrived nature of the model. Since

in reality there is a continuous transition from the first method of

current tr anspcrt  to the second in an actual diode drift—diffusion

region, any absolute splitting of the regions of their occurrence

must be construed as ar t i f ic ia l. Nevertheless computational expe—

rience has yielded a suitable compromise for such a division of the

reverse—biased regicn. To obtain the necessary phase retardation

attributable to a region of pure diffusion , its length has been chosen

to be equal to one third. of the low—field region, i.e., the region

in whIch the ic electric field is less than the saturation value E
S

To discount the resulting overestimate of diffusicn attenuation, the

real part of the diffusion region propagat icn coeff icient has also

been reduced by a factor of three . The criterion used to select

these reduction factors was the closeness of match between the

Impedance—frequency results of the prevIously presented small—signal

model and the present large—signal model when the large—sIgnal equa-

tions were evaluated with small—signal drive. The method of analysIs

for the reverse—bIased region follows closely that  of the small—sIgnal

- 
- 

—— 
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model so in lieu of a detailed presentation the necessary equations

are given in Table 6.1. Familiarity with the small-signal model will

facilitate the translation of these equations to the complete single—

frequency large—signal models shown in Fig. 6.1.

The Fourier -coefficients of the inJected minority—carrier

current J(0) are now developed. Since 7
F 

is also periodic we have

~ 
4-f

11F V
F 

~~~~~~~~ 

eJ~~
t 

, # 0 (6.3)

and by iefiniticn we have

3 1 v /v-‘ s F T —~ m~~t -3 = — I e e d~~t) . (6 . 4 )
2~~ j

0
Normally, in the large—signal analysis of  diode structures, the magni—

tude of the RF voltage across the entire diode is specified (voltage

drive). ~ere we follow Mouthaan ’ s method~
0 and specify only the

voltage across the inject ion region. We then solve for the voltage

across the entire diode. :r. principle the two methods can be id.enti—

cal. Practically , however , at least for the frequency domain analysis

presented here, there is an encrmous difference between the two . We

specify only a limited number of values for the harmonic content of

V and assume the remaining values to be negligible. Obviously thi s

is another simplifyIng assumption and. it deserves some comment.

The BARITT diode is an inherently high Q structure . That is ,

it appears more reactive than resistive at frequencies within and

beyond the negative—resistance region. This is evidenced. by the

negative—res~stance region small—signal .‘s of the first four d.c

maximum power structures of Table 3.1 which are shown as a functIon

of fre quency in Fig. 6.2. In no case does the magnitude of the

-
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Table 6.1

Large—Signal Equations for tfniformally

Doped BARITT Diode Diffusion—Drift Region

Region Definitions

Forward Biased - w x 0

Diffusion 0 
e 

wD ‘ 

~D 
= w/ 3

w = {cE /~~[N ~ + (~~~0/ 2qv fl}

K = 1.15 x lO ’° / ( N d
) ° ’ 5 7  (see Fig. 2 .2 )

< <
Saturated Drift w = x = wD c

irnpedanc e of Diffusion Region, ZD

3~~(x )

J — uarticle current phascrp -

= ~~~~ ~~~~D0
V V
T s

0
S

1 r w D Y
D

X

I, e dxD WD .1
0

-

~ 
C
D 

= c/wD

G
+

z —- 1 . D iWC
D

(con t . )
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Table 6.1 ( cont.)

Imoedance of Saturated Drift Region, Z

-~~ ( x-w )3 ( x )  = J
P

(w
D

) e s D

= 
v — (v 2 +

2D
S

D = D / 2
5 0

— _______ I 

w w ~ -~~~(x — w
D

)

s 
— 

w - w 1.~ j e dx
c

P C = ~/ (w  — w
D
)

~ — y w
= 

~~~, ~ 
D D

1
7 = 

4D s
jwC

S

Total Imtedance of Reverse—Biased Region, Z~

C C
— D s

B C + CD s

= C
B{~~~

+~~~~SJ

= Z
D 
+ z = ~~

- -- ~~~~~~ - - ~~~ — ~~ - :—- - 
~~~

-
-
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small—signal ~ fall below a value of ten. Since the magnitudes of

the values of large—signal ~ ‘s exceed their small—signal counterparts

it is clear that , for all levels of drive , the diode is predominantly

an ener~~r storage device. As shown experimentally by Snapp arid

W’eissglas ;10 theoretically by the reactance values which i~ad to

Fig . 6.2; and intuitively by consideration of the parallel—plate

nature of the depleted sandwich—like structure of the BARI~~ diode,

the principle er.er&r storage medium of the device is the parallel—

plate “ccli” capacitance of the depleted base region. That being the

case , at av frequency within or above the region of negative

resistance it must be t rue that

~RF CF 

( 6 . 5)

where C
i 

is the total diode “cold” capac itance and 1RF is the voltage

across the entire diode. The restriction of Eq. 6.5 obviously

neglects all space—charge effects and its approximate nature will

remain in effect as long as there is any particle current flow what—

a~ever . We will ~~turn to the consequences of this fact In Section

6.2.1 when the existence of a second—harmonic component in V~ ~~

considered with the help of a two—frequency model. Accepting Eq.. 6.5

for now and assuming circuit constraints limit the RF voltage across

the entire diode to a single RF component , that of the fund.a~ental,

we can to the first order neglect the harmonic content of the

voltage across the forward—biased regIon; that is ,

V., + Re[Vp1 e~~t)  . (6.6)

If the phase of is chosen as the phasor reference, then it can be

- - - - -
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~~~~~~~~~

——---——--------— -
~~



shown by using Eq. 6. i~ that the phasor terms J~ are all real and. are

given by6°

V
2 I -~~

= 

_

~~l 
j

0 
(6.7)

bo V ~~ j

where I is the modified Bessel Function of the first kind, of order m

and J~ is the d.c current density. A graph of the saturation charac-

teristics of J/J vs. V ,/V is given in Fig. 6. 3. The approximation
-1 o F.~. T

of Eq. 6.7 will be used in all the single—frequency studies of this

work.

6.2.2 Single—Frequency Results. X—band. p~np~ Si devices

measured by Kwo k,1 Nguyen—Ba ,2 and Kwck et 9.1.61 (1.7 x 1015 cm”3 ~
Nd ~ 2.5 x lO~~ cm 3, 5.0 um base width ~ 6.2 ~m, Junction area =

2 x lO~~ cm2, 
~~ias ~ ~~ 

mA ) ~roduced a maximum power of approximately

25 mW and a maximum efficiency of approximately 1.7 percent in a

waveguide mount at frequenc ies near 9 .5 GH~ . The single—frequency

theoretical results for a similar device at a bias current of ~O mA

are shown in Fig. 6.I~. The performance agreement between theory

and experiment is quite satisfactory but the model predicts a slightly

higher optimum frequency of operation. Two factors are possible

contributors to this discrepancy: (1) the waveguid.e cavity used in

the experiment was designed for operation below ~..0 GHz and (2) the

model does not account for self—heating effects . Overall, the model

Is thought to produce a useful description of RF performance.

Comparison of the theoretical predictions and measured results

of Snapp arid Weissglas’s10 dIode B are given in Figs. 6.5 and 6.6.

The large—signal rectification and conductance—compression effects

________________ ________________ 
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are plotted as :‘uncticns of ~F drive and d.c current density . Again,

closest agreement between theory and ex eriment was found when theoret-

i~al results at a higher frequency (7 .5  0Hz theory, 6.6 0Hz experi.—

merit) were compared with the published experimental data. A further

point of divergence is the difference in the slopes between the

theoretical and experimental c’~~ res (theoretical slope twice the

experimental slope) indicating that even though space—charge effects

are partially accounted for wi th in  the model , the degree to which they

are is evid.ently insufficient . However , qualitatively at least the

agreement remains more than satisfactory.

The final comparison to be presented is between the numerical-

theoretical study of Kwok arid Eaddad 1’23  and the present theory.

Shown in Figs . 6.7 and 6.8 are two different sets of large—signal

theoretical predictions for  pcwer density and efficiency for ic

maximum power structure ~Io. I as a function of drive arid. ic current

density at a frequency of IG .5  0Hz . The simple model predicts its

maximum output power arid. efficiency at drive levels somewhat lower

than those of the numerical study and. this is consistent with the

experimental results of Snapp and. Weissglas . Also , the levels c- f

output power an-i efficiency predicted by the simple model exceed

those o± Kwok , although riot excessively . Overall, the agreement is

more than adequate when consideration is given to the level of

complexity Inherent in each of the models .

For completeness , a compendIum of theoretical results for the

seven d.c maximum power structures of Table 3.1 is given in Fig. 6.9.

Plotted are the optImi zed maximum point values of device large—

sIgnal negative resistance and RF power density , maximized with

- -. _ _ — .—--- — 
______  —~~~~~~~~ -~~~~~~~~ ---- ~~~~— — -
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respect to frequency and drive. In general, the maximum power

• frequency for each device is approximately 90 percent of the

frequency of maximum small—signal negative resistance, arid the HF

drive at maximum output power is approximately 15 percent of the d.c

bias voltage. Also depicted in Fig. 6.9 are 1/f and 1/f 2 trajec-

tories for normalized power ~nd large—signal negative resistance.

The inadequacy of the constant efficiency vs. frequency assumpticn

( Chapter I )  is obvious . A constant ?f 3 product is perhaps a better

characterization .

The results shown in Fig. 6 .9  foretell the di f f icu l ty  of

obtaining millimeter-wave HF pcwer from the uniformally doped 2ARITT

diode structure in the fundamental mode of operation. Normal

fabrication procedures recuire that  approximately 10 ~m of heavily

-icted substrate be retained. as either the emitter or collector bulk

regIon to aid in devIce handling. For co ercial p~ Si substrates

(LO s 
~.—cm ~ resistivity ~ IO~~ c~—cm), this represents 1C~~ cc

O_cm of series resistance that  must be overcome before HF power

can emanate from the complete diode structure, irrespective of

circuit losses. Thus , a gray area of doubtful capability exists

for p~ np~ Si diodes beginning near ~O GHz . To surmount this

difficulty, new fabrication procedures will have to be devised, which

eliminate the riced for substrate foundations ; new double— .ayer doping

profiles2 ’62 Will have to be developed which generate higher values

of negative resistance or power will have to be harmonIcally extracted

by circuit techniques . This last proposal is the subject ci’ the

remaind~er of this chapter.

~~~~~~ ~~~~~~~~~~~~~~ ~~~~~~~~~~~ —•- — ~~~—~~~ -- .— -—



6 . 3  Mulcifrecuency €armcni: Large—Signal Operation of BARITT Diodes

6.3. :  Theory. If the voltage across the entire diode is riot

restricted to values of a single frequency but rather is allowed to

contain harmonic values as well, then the possibility of harmonic

power extraction exists. This phenomenon has been studied by several

authors60 ,
~~

3 6 7  f or the II~~ATT diode, primarily as a means to ~~prcve

fundamental output power through reactive harmonic terminations .

This study , however , is intended more for the inverse case; that is,

improved harmonic power output by reactively tuning the fundamental .

For simplicit’j ,  o~~y two—frequency operation is ccr.sidered but the

extension cc more ccm~licac ed cases sho~~d be obvious.

Allowing the voltage across the forward—biased region of

the diode cc contain two frecuericy components, in phasor space

=

arid

= VF2
we calculate the new fundamental arid second—harmonic phasor components

of J ( O ) ,  us ing Eq. 6.~ , and obtain

C + JS
J = S_I

o D
0

where m = 1 or 2, J0 is the d.c current density,

V /V
= ~~~~Fo T D

0 S 0

-; C~ = 2:
c[
~~ 2jI

[
~~1] + 2  

~~~~ kzn-4~~~ J 
+ i

2n+m
{
~~_]JI1~~~ ] 

~~

V~jJ VF2
Sm 

2 2 
~~~~~ j~~_4i~’ — ‘2n+m VTJ J 1n -ç sin n’4.~

5-

—
~~~~~~~

‘- 
~~~~~~~~~~~~~~~~~~~~~ 

- 

-
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and

• 
- 

V
F1 - 

VF.~~ TF1 - F2
= _

~~ 

-
~~~~

- 

~c ~~~ + 2
n~ l~ 2n ç n ~~~ cos n~i

If we artificially split 
~i and ‘

~2 
into independent single—frequency

terms and transadmittance cross—frequency terms , similar to the

two— frequency circuit work of 3rackett;65 ’67 that is ,

21 
VF2 

e1~1 Vrn
~r V J — ~ J
~ Z 1 Fl 2 o

~
- 0 VT

J - G  V2 F2 F2

and

~~r 
VF1

TJy V e  : J -  j

12 ~2 

~ 
~~~~ °

0 Vrf l

— 
~F1~ F1

then the two—frequency large—sigr.al equivalent circuit of Fig. 6.10

results. The transadmittance terms y12 and are nonlinear

functions of 
~~~
‘ 

~Fl ’ 1F2 ’ ~ arid the d.c bias, while the independent

in—phase conductance terms GF1 and G ,2 are functions only of the

drive level at their respective frequencies arid the do bias.

6.3.2 ~~~—Freguency Results. For exact results the two

circuits of Fig. 6.10 must be solved simultaneously in conjunction

with the external cIrcuit loads ~.nce the two are coupled through the 

~~~
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transa~~ ittanc e terms . Suc h a procedure would prove very iiffi:uit

as the active circuit elements are nonlinear functions ~f the forward—

biased. region driving voltages , arid. a complete solution would require

a muitivariable trial-and—error—typ e solution format. As an alterna—

ti-r e , we choose to s imply specify the two—dr i~re components and their

relative phase difference and to inspect the final results for

evidence of physical realizability, i . e . ,  for self—sustaining

oscillations with passive loads the real parts of the total diode

impedances at the fundamental and second harmonic must both be

nonpcsit ive .

The simp l i f ica t ion  invoked in Sect ion 6.1 for a diode environ-

ment consist ing of a singly reeonant c ircuit ;  namely , the restriction

of  the time—varying tc r t icn  of 7~ to a single—frequency component , can

now ce re— ex~~~ ned. i~ the light -of the more exact two — frequency

equi valent circuit  of Fig.  6.10. The simplification can be thought

of as a failur e cc include the effects of the y , 2 5T~ 2 e
1
~ current

contr ibut ion cc the particle current within the forward—biased regior.

at the fundamental when the diode terminals are shorted at the second.

harmonic. The following specific case is examined. Figures 6.11 and

6.12 show impedance plane plots of

z _2..
2

for do maximum power structur e No. 3 at VF1 = 0.~ V and f = 20 OH:

as a funct ion of V_2 arid ~
, . As can be seen near the excItation

point of V~2 0.095 7 and ~ 320 degr ees , the second—harmonic

impedance traje c tory  changes very rapidly arid passes very close to the

— — - - --
~~

-
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origin of the impedance plane , V = 0. A comparison of two—frequency

drive and single—frequency drive results for this diode at

= 0.093 7 and ~ = 321 degrees is given in Table 6.2. The results

are not in disagreement to any appreciable extent , the largest

variation being the difference in fundamental diode voltages V_ ,

and. the smallest being in the difference in the fundamental output

power densities ?~~~. Not given in the table but important to- thi s

argument is the fact that both the large—signal diode resistance and

the fundamental output power change by less than 2 percent over the

entire range of second—harmonic variation shown in Fig. 6.11. Thus

the fundamental is o n y  mildly affected. ‘cy the presence of the

second harmonic near this important point in parameter space. These

results are thought to be typical for any proposed diode structure

and it is therefore -ccr.cluded that the sing e—frequency forward—

biased region drive approximation is “good enough” for all single— 
*

frequency applications .

Second—harmonic power extraction using a BAR ITT diode

was first reported by East et al.68 A packaged 
-

K—band diode (p~ np~~, Si , Nd ~ x 10~~ and base width = 3 ~m)  was

placed In a ~a—barid (~iR—28) rescnanc cap waveguide mount such that

guide power flow at the diode fund~~enta1 mode frequency was cut off.

Power (0.2 to 1.6 ~w) was observed, at 36 GHz when an E-H tuner was

used. to match the dicde impedance cc the guide impedance arid the

diode was biased between 200 and 600 A/ cm 2 . If losses are assumed

L - low then such a diode must “ see ” almost a pure reactance at the

fundamental frequency and the fundamental impedance locus must

cross the ImagInary axis at the same parameter point which corresponds

— — - —- — - ---- —-- -—- ---- -- ~~ ‘~~~~~~~~~~~~~
‘ — — ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ . _ . — -  __

~~~, ~~~~ -
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Table 6 .2

Sing e—Frequency and Two—Frequency Large—Signal Results for

Dc Maximum Power Structure No. 3 (Nd = 5 x 1O~~ cm”3 ,

Base Width = ~ urn, J = 1400 A/cm2, V~~ = ~~~ ~~ 
~F2 = 0.093 V,

= 321 Degrees , Fundamental Frequency 20 GHz)

Parameter Sing .e—Frecuency Value Twc—Freauenc :r Value

R
1 
(~ —crn2) —8.146 x lO~~ -6.32 x

X1 (~ —cm~) —3 .08 x iO~~ —3 .09 x l0~~

R 2 (~ —cm 2) -— 3.12 x l0~~

A2 (~ -cm
2) -- 1.20 x l0~~

P
1 

(W/c m2) —108 —l~~

P
2 ~~

/cm2) —— 0.073

V (v) LL .92 5.86
1

V (v) —— 0.007

—157—
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to a second-harmonic impedance of significant negative real part.

The theoretical large—signal imp edance plane plots , and for

this structure for one particular set of  forward—biased region

driving voltages , = 0 .3  V and ‘F2 0 . 1  1, are gi ven iii Fig. 6.13.

The parallel—plate “cold” capacitive reactances have been subtracted

out of each locus such that the plots could be presented together.

The points marked by squares in the figur e are the single—frequency

impedan ce values, i.e., y12 = y 21 = 0 , for the given dri-.-~ levels.

:rote that oscillation is not possible at either frecuercy in the

single—frequency case . The possibility cf dual oscillation with no

power deli-rered or absorbed at the fundamental is seen to exist at

a second—harmonic drive relative phase angle of approximately

—2.5 degrees. The second.—harmcr .ic predicted. output power density at

this pcint is 12 W/cm2 which is two orders of magnitude larger than

that measured ( .~ur.cti-on area 10~~ cm2) so it is unlikely that th~

given drive parameters were thcse present in the experiment . The

K-band diode package undoubtedly prevented an ideal match of the

diode impedance at 36 GE: so the level of drive used in Fig.  6.12

is perhaps too high. .~iother possible set of impedance loci for

snal er second—harmonic drive, V.... = 0 .3  7 and 
~~F2 = 0 .035  7, is

shown in Fig. 6.li~. The second—harmonic output power density for

this cas .~ I~ 0.14 W/cm2 ‘cut the level of second—harmonic resistance ,

10 6 .‘~—& is too low for practical application, Lack of exact

circui t character iza tion  prevents any further definitive comparison

between theory and experiment. In actuality , we do not wish to

make such a comparison since it is not intended to portray these

theoretical results as all i~c1usive or exact. Rather it is hoped

- - — 
~~~~~~~~~ 
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chat the s imple two—frequency thecry will be recognized as a means to

approximat e .y predic t  Possibili t ies -or trends in the realm of

millimeter—wave aprlications for  the BARITT diode .
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CHJ .PT~~ VII . RAR r ’r J:o:-E ~r::~~ s

~.l Fore wor d

For the p urposes of this study the subject of BARITT diode

mixers is split  in to  two principal  subd~ vis±ons based on two -

dis t inc t ly  d i f fe ren t  methods of analysis. The first method of

analysIs is based. on low—level and near— frequency expansions of the

voltage and current of an oscillating diode and is very similar to

oscillator noise formulations . The second is based on -classic

small—signal expansions of a punred conductance and is valid , in

general , for any frequency range considered.

.2 ~~ r~r—Low :ntermediate—Frecuency Self—Osci l lat Ing 3AR ITT Diode

Mixers

~.2.l System Des-crirtion . The equivalent circuits shc~~ in

Fig. ‘.l summarize the ~rinci~ies of an cscil lat in~ diode very—lo w

intermediate—frecuency r eceir er .  The lcssy coUp ling c i rcu i t ,

Fig. 7.la , t ransforms ~bilinear ) the impedance “ seen ” at th e input of

the receiver transmission medium ~waveguid.e, coaXial Line , free—space ,

etc.) to evels comparable with the diode term inal Im pedance. The

transmission medium can be any portion of the receiver in which the

reverse travelIng wave , with respect to the diode , consists 0rii~~~ of

the incoming “unknown” signal and does not contain any receiver—

reflected dIo de power . The transforming—coupling network can be

represented b~ any convenIent set of two—pcrt network parameters .

-162..
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n particular, fc ra  —par anet er representation ~f the coupling

network , the input impedance “seen” from the diode terminals Is

Z ~ ~ Z I —

z
i 

= 11~~2 12 
• (7.:)

For no incoming signal Z
2 

= 
~

, the characterist ic  impedance of  the

transmission medium . Eowever , with an incoming signa . present* Z~

becomes .

V +~~r
2 t’ ‘ -,.

= — r  = 
—

2~ f r

where 7, and V are the values of the ~hasor for~ard and. reverser

traveling voltage waves in the medium at the output of the coupling

network . ~~ fl~r I  
<< then 

-

V..,
7 = 7 -

C
‘I

- :~~ + dl, (~~.2)

and -, 2

~~~12
~ = -‘ +

•O Z
0 

+ ‘~Z2

* In this chapter, as ifl Chapter 71 , RF phasor qua ntit Ies are
designated by “-‘

.
“

~~~~~~~~~~~~~~
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where 1 = Z~~ is obtained from Eq. 7.1 with = Z
0

. Equation 7.3

is in the form of the load—variation model suggested by Nagano and

Akaiwa,S9 Fig. 7.lb . If is multiplied by the unperturbed

= Z = value of diode current, then an equivalent voltage

source can be defined and an injected-signal model13 results.

Both methods of analysis, the load—variation model and the in.jected—

signal model, are equivalent. aowever, the inJ ected—signal model

is Chosen here as it can concurrently be used to study the oscillator

noise properties by simply let t ing ~~ . represent the intrinsic ?~

open—circuit noise voltage of the oscillating diode .

The notation* for the in ~ected—sigr.al mixer system studied.

here is given in Fig. 7.2. The two circuits symbolize the diode

and. its cIrcui t environment at the two frequency regions of interest :

RF (freouencies ~ near the unoerturbed , ~~.. = ~~~ . = C, oscillation

frequency ~~~) and IF (low frequencies ~2 near the bias frequency

= 0 , i.e., dc). The low— frequency voltage generator ~~ can either

represent an external small—signal modulation source such as bias

supply noise , or the open— circui t low— frequency intr insic  diode noise

voltage , or both. The meanings of the remaining symbols in Fig. 7 .2

are obvious from inspection.

The phasor equatIons that describe the coupling that exists

between the LF and RF circuits are the LF Kirchhoff’s voltage law,

E + = 
~
(zc 

+ Z
D

) (7.14)

and the RF voltage divider equation ,

* Low—frequency phasor quantities are denoted by “ •
“

-~ 
- 

~~~ ‘-~~~ -~~~~-~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _:~~ :—..



r

_ _ _  
_ _ _

_ _

[
~~

D 1

L 

- 

+ e L

Z D = Z O (V R F , I, W , f l )

FREQUENCy =ü

B IAS , LF CIRCUIT

+ 
_____  

_____

~~~
p [z d l  LZ C

Z
d 

= Z
d 

( V R F , I, w , n)

FREQUENCy :~

RF CIRCUIT

FIG. 7.2 IF ~~ RY COUPLED c:?clr:T MODELS. (z = ~ +

FOR ALL I~~ED~~-ICE QUANTITIES) 

—
~~

•i- - — -- -
~

-
~~:- 

— --‘S—---- - -
~
- -_

~
--  —

~
- 

~~
-
~
-- ~

— - 
~~~~~~~~



-loT-

1RF~~c 
+ e~ Z .  . ( 7 . 5 )

The two equations are coupled due to the nonlinearity of the diode

impedance; that is ,

Zd =

and

= 

~~~~~~~~~~~~~~ 
,

where the functional dependence is understood to be nonlinear . Any

small disturbance represented by or e. in either one or both of

the loops will cause small changes in each o±~ the four dependent

variables, V~~, I, ~ and ~2, such that they vary about their unperturbed

value s , ‘?
~~~~~ , : , -

~~~~~ 

and For completeness, the next section

contains a small—signal azialysis70 for such variations.

7.2.2 Perturbation Theory. Since it is assumed that the input

FF signal is at a frequency very near t~e unperturbed oscillating

frequency of the diode , the ~uasi—static approximation can be utilized .

The IF ~irohhoff’s voltage law equation and the RF voltage divider

equation are each ~~itten at a single frequency, 
~~ 

and 
~~~~~~

, respective-

ly, but with the phasor quantities, amplitude and phase , understood to

be slowly va~~rin1€ functions of time. As sho~m by Kurokawa
’- there is

one additional stipulation. At RF, letting

= [VRF 
+ ~f ( t ) ] e i~~~

t ’)

where ~V and ~~ are small, we have

jwt
- 

_ i  V~~, (t )  = ~~~~~~ e ]
so

-.=- - ~~~- : ~~~~
- - -

~~~
- -

~
--: 

~~~~~~~~~~~~~~~~~~ - --
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Re[~Iu~ + - ~~ 

J u t ~
at i 0 dt V

~p 
d.t J ~F J

Thus because of the quasi—static approximation (time—varying phasor

quantities) an~ operation in phasor space that requires multiplication

by ~ must be carried out using

dd~ I d~5V
= ~J +_ _ J  —

-o dt 7
RFQ ~~

- 1 d~V= ~~ + & .~~
_ 

•~o VRW ~t

Similarly at baseband ,

= [i + dI(t)] e~~~~
t)

= a +
~~~~~

_ j _  
~~~

d~I

Expanding the IF ioop equation in a Taylor series about i ts

unperturbed operating point yields

; 1 1 ~~D ~— 5 VI o 
~
V
R~ 

~ - 

U at

+ 

[ZTo + I
~~~~~~~~~~J~~~ o

~~~}~~~

I 

+ ~ ~~D1 ~~~~ 
+ 

~~ ~~~~ ~~ ( 7 . 6)

*~~~~~—lIUL- 
---‘ - - -

- 
~~~~~~~~~~~~~~~~~~



:~ is physically reasonable and experimentally observed that since

~ is so low all quantities at baseband. are approximately in phase,

i.e., the imaginary portion of Eq. 7.6 is approx~~at ely equal to

zero. This restriction implies the following: (1) ~p(t) = 0 and

thus ~ 2 = 0, (2) X..~ = X
C = 0 , (3) Im,(~~~) = 0, and (14)

1 d6V — ~~ 
3R~ d~I

V
___ 

~w ~t -  — 

I 3~2 dtRFo o 0 0

Implicat ion 14 can ‘ce identicalJ..y satisfied if

~~~ ~~~~~~~~= 3 .  3
0 0

The condition that the total basebani resistance is not a function

of ~ easily follows from the previous ackncwled~~ erit that X~(~~) = 3.

however , the recu,irement that the active device not act as a discrimi-

nator is not so intuitive. Again , an e~cperimeutal obserratic-n is

L 

invoked.

From the real part of Eq, . T.6 we have

- 3R
I M~V 9~~I _._.~~ ~~~~~~~~ .

~ av~~, . . o~~~.-
- 

0

6 1 =  ~
- __________________

~~ experiment which enables a direct test of this expression is one

in which the relative phase of a reflected portion , square—wave

modulated , of an oscillator output is varied over at least 90 degrees .

- — —~~~~
-

~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~
- - S -

~~
—- .—- -—-- -

~~~~~~~~ 
— -
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The se:u: is ;o’~n in Fig. . 3a. . ar;ring the onase snifter causes

tne re:_e::ec rort:cn of tne total  ::ode ‘rclta~ e to rotate aro-~nd

tne reference -diode output voltage thasor as shown in Fig. — .

~-~ en the reflected ~orticn of the total  diode voltage is ;: degrees

of pnase ~i:h the reference the diode is undergoing almost 7ure

fr ecu enoy  ::oi~~ at ion , i . e . ,  ä7~ t )  = 3. ~ oer~ the reflec:en pcrticn

is in on:~se or in antirnase with  one reference tne -iioie is being

:~,re1y 
- _n: lituie ncdui,atei , i . e . ,  -3~ = 0. Thus a graph of one

detec tei  current ~: vs. one relative ~nase shift  of the nediun

would give an indication of the relative sensitivity of the iicie

to A-~ and modulation. Fi~ure 
— . 3-c shows sucn a ulo: for an

• osc:_ at:ng ~—oan~ 3~~~~
_ noc-ne :n a wavegu:o.e mount , oov:ous_y

for  onis case one t :-oe of modulation is virtually undetectacie .

one rectification effect is known to exist ; that is ,

it is oono~~ied that ~~ , - ani onat the diode is

essentiall:— ar. ~~~~~ icoecoor only . W~ wil . ccnsidei’ this result to

oe oy~ :ca oc r aul o.-~ very— _ ow moxer s .  Tn’n: we are se_f—

consistent  with the observation that the baseband -circuit exhibits

neg :g:o_e reactove e::-ecos. ~n:s cons:s:ency ~.s not ccr~oaLnen on

- — -~ --t ne works - 2 :  .Iygren an-: ~~:_un:~ an-: -i_ aarm:ngerc roe~ .

fo r  reasons of s izrlicity they ic discard the ~E_ j 3w terms after

obtaIn ing a comolet e solut ion.  The present work shows that  neglect—

ing this term is .~ustifiabie from the start .

One last assunttion is in order . :~ is logical  to assume that

sin c e ~~. ‘3. 0 t hen ~~~~~~ is alsc negligib e. The reasoning being

- 
~~~ onat toe functional ie:ende~ ce of the diode impedance or. the various

paranecers of int er es t  shc uli be strongest for :he particular

I---:

- 
~~~~~~~~~~~~~~~~~~ ~~r~

-
~~L -.

~= 
- -:.~2~~:m;.- 

-
~~
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~‘ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~— - - - —~ 
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parameters onat are iirec~Iy applicable to the frequency region in

which they are defined. That is, az
~
/
~
v
~~ J > I~ZD/~V~FI, IaZ D/31 1

> 3 Z . ’ aI ~~~, etc .

Sub;ect to the preceding assurnptions and observations the

~F voltage -divider equation , Eq. T. 5 ,  can now be expanded in a

firs t—orde r Taylor series similar to the LF loop equation. When the

resultant is separated into its real and imaginary components a system

of time differential equations can be formed , in conjunction with the

real part of Eq. 7.6 , relating the time—varying parameters ~V, &~j  and

~I to the di-iving functions e.~ and ~~ In matrix operator form these

three equations can be expressed as

r 
~v(t) 1 f ~ .(t) ~!

I -‘
- 5w (t) = :L(t) , (

~~~~~~~~
‘)[ SI(t) L e (t) J

where

R ~~
Xt~) 

~~
‘-

~ ? R 1
dv VRt. at tw ~d.I

Ldt dv — 

~~~~ 
A
t

1R,.. 0 R +I F’.._
L 

To o~~~i

Re (Z
a o E 1~

1
RFO

)

i~ (Z
d~~H

/vRp )

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ T~~~~~~~~~~~— --- ~~~~~~~~~~~~~~~~~
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and e (~~) = ~1(t), real by observation. The short—form notation

-

~~ 
, et~..,.has been adopted. The matrix equation (Eq . 7.7)

can be solved by the phasor technique, i.e., let the LF angular frequency
of the time—varring quantities be c~, then

dV(t) = Re{dV(~ )e~~
t]

Thus

&~~cz) = [M( ~ c~) ] 1  X.~(~~) . (7 .8)

eL(~
)

After considerable algebra the result, Eq. 7.8, can be put in the

form

dv det = + IR
DI) IZ H j j :

~~
j sin(9 —

+ eL l z 4 Hz~~j s...n (e_ — e )  , (7 .9 )

• det (RT + IORDI ) I z E l UZd l s in(8 H — + 
~

• cos(9 — + i R
~~

j zEJ I Z dTJsjfl(aI - + er I Z~~IUZd
Isin(e -

- 
~~ ~~~~~~~~~~~ 

- e1)] (7.10)

and

di det = I R D t Z H I J Z ~~ I sin (e H - 8 )  + e1 J Z _ j

[IZd Isin e - e~
) + ~ , (7.u) 

-- -. - 
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where

d.et = I R ~~ I Z ; 1( Z~~ sin ( — 6 )

+ (
~~ + I0~ 1)Iz~~I ~

zdvIsin(e - 8 )

+ i z~j j  (7.12)
RFo J

and.

j e
Z
H 

= RE + j X .
~ 

= ZHIe ~

Equations 7.9 through 7.11 indicate that the presence of the d.is—

turbing signals ~~ and. e
L induce slowly varying a~p1itud.e and

frequency variations the EF voltage across the diode and a

low—frequency current variation in the bias circuit. In general,

the ~F variations can be thought of as the result of the combined

effects of signal and image components at + —

where is the difference frequency between the frequency of

and the unperturbed oscillation frequency w~~• This interpretation

is developed further in Appendix B.

7.2. 3 Perturbation Theory Discussion—Special Cases. To

facilitate the: specialization of the equations of the previous

• section to the case of the very—low IF do~mconverter it is helpful

to ‘ake the following definitions :

1. The injected RF voltage generator due to the incoming signalI ,
is C ~Ie

~Is Hs

— ~ -~~~~~~~~~~~~~~~~ -- - - -~~~~~—.---.-.- —•—-—— •—— •-• -~~~ --
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2. The narrow—band representation* of the diode RF intrinsic
jw t

open circuit noise voltage72 is e~ (t) Re Ce e 0 
~~, 

where & =
je (t) En

,~~~~ ne~~tj e

3. The LF noise voltage generator e~~(t).

14~ The oscillator RF amplitude variation due only to the incoming

s_gna.1 is ~V - 

~
I(e

H 
= eH ,  eL 

= 0).

5. The oscillator RF amplitude fluctuation due to RF and LF noise

is 51 
~
T(e

H 
= eEn, eL = eLfl).

6. The oscillator RF anplitude fluctuation due only to the intrinsic

RF noise is ~1(e~ = 
~~~~~~~

, e~ = 0).

7. The bias current variation due only to the incoming signal is

8. The bias current fluctuation due to RF and. L? noise is

= , e = exi En Ln
9. The bias current fluctuation due only to the L~ noise is

~L. ~~~I 
(
~ = 0 , e = eL n H  L Ln

10. The AM modulation sensitivity is I Z ~i Isi n ( 8 _ — e ) /
— 8 )  + J (~ /VR~~~ I Z t I ] .

U. The coupling—transforming circuit , Fig. T.la, efficiency

factor is

z z2
k (z + z )( z  ~

° ~~~ 
~ - ~2 ) (Z—parameters )

0 22 11 ~ 11 22 12

or

* Mean square noise values72 are represented by the shortened form

IeHn~ 
+ (Re [

~~ exp(jw t ) ] }2 , etc.
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z (
~ — Bc)

k (AZ0
+ B)(cz0 + D)~ 

(MCD parameters) ,

where

= kI2V /VfI

The detected signal—to—noise ratio can now be exnressed in terms

of these definitions and. Eqs. 7.9 and T.l2. can be expressed as

- - 
g2jisv 12

= IdI5 l2/ kI~I2 = 

2 2 1
~~ m

12
s~ 

~~~~~ 
(7.13)

where any correlation between eEn and eL has been neglected. The

factor of two provides for the downconversion of both noise sid.ebands

and a downoonversion transconductance has been defined as

- oDv
- R + I RTo o D I

Equation 7.13 is the principal result of the very—low L~’ mixer

perturbation as it clearly shows the device—circui t dependence of

the detected signal and the system noise. Most prominent is the

fact that of the RF noise components only the intrinsic AM

fluctuations are dcwnconve rted. Thus, RF intrinsic frequency

fluctuations do not influence the integrity of the downconverted.

signal. Eowever, since both forms of RF intrinsic noLse arise from

the same source, eEn, attaching mixer degradation purely to either

AM or FM noise is truly artificial. The relationship is seen to be

one of coincidence , not causal. It is interesting to note that

~~~ •~~~~~~~~~~~ --~~~~~-— — — ~~~~~~~~ •—• .-~
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Oupta et al. 13 arrived at a similar conclusion regarding the effects of

oscillator frequency fluctuations on low IF self—oscillat ing

doppler detectors but that they employed an entirely different set

of arguments. Essent ially , they reasoned that for short round—

trip transit t imes , diode oscillators with the then tThIcal

measured FM spectral power densit ies did not have enough time to

change fr equencies with s’ui’ficient magnitude such that the resul-

tant downccnverted signal was affected. It is argued here that

this criterion is too restrictive in that it precludes considera-

tion of external sources for the origin of incoming signals and

that it ignores the basic physical restriction which leads to the

simple form of the denominator of Eq. 7.13; namely, that the diode

does not act as a discriminator , or R~~ 3.

One seemingly apparent manner in which to optimize the

detected signal—to—noise ratio is to minimize the low— frequency

intrinsic noise contribution by RF circuit techniques.

After some manipulation, this term can be put in the form

- 
- 

eL ~~~AM
‘Ln — 

~~ + I B  -

To o u l

• The unity term in parentheses represents the bias current fluctuations

that would flow if there were no dowrxconversion while the second term

represents the resultant cancelIng flow due to the closed—loop

downoonversion of upconverted current fluctuations . The loop gain

is the d.ownccnversior. transconductance tImes the AM modulation

sensitivity and any increase in either of these two parameters is

seen to diminish the magnitude of SI~~ . Nygren and. Sjolund 1
~’

— - •___________ — - - ~~~~. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~-~~~--.-- 
.-— 

~~~~~~~~~~~~~~~~~~ 
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suggested one method of increasing ~~~~~ to circuit tun e for very

large by operat ing such that e - 8~ 0 or 180 degrees .

As is shown later this is a false goal since 
~I 8v + 180 degrees

for most diodes , thus M~~ cannot be made arbitrarily large indepen-

dent of system stability. Tuning for ~ 8v .0 or 180 degrees

would force the determinant of matrix M , Eq. 7.12 , to become

extremely small which implies quiescent operation near an unstable

point in the impedance plane , i .e . ,  non—small—signal operation .

The proof that 8 + 180 degrees for a. BARITT diode is very H
simple. Since , by the assumptions of Chapter VI, the nonlinearity

of the total diode impedance is entirely contained in the conductance

GF of the fo rward—biased region , the two ~artiai derivatives in

question can -be written~as..

~
Zd - ~~d 

3G..,

aVRF 
- 

~G

and

— 
~~~ ~~~

— 

31

Also from Chapter VI we have

• 211(VF1/VT)G
~ 

= L~~~ 1 
~~ 1

where I and. I are the modified Bessel functions and V- Is that
0 1 Fl

portion of V~~ appearing across the forward—biased region. Since

V is a magnitude, the quotient 21 (V~, /Vm )/I (V~ /V ) is a positive
• Fl 1 o ~.l T

monotonically increasing function with 1F1, slope < 1, which

saturates at the value two for high levels of VF1 drive . It is

_ _ _ _ _  ~~~~~~~~~~~ -—•~~~~--~~~~~~~~-— - — -••- -
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clear that 3G F/3 V
F1I 

is real and always negative. It is
I = const

equally clear that 3G
~
/3 I

~ v const -
~~ v = const 

is also always
Fl RF

real but positive. Finally, since and VF1 are both magnitudes

and as such are related. by a positive ratio, it is seen that it is

exactly true, to the extent of the assumptions of Chapter VI , that

8 7 = + 180 degrees. Experimental evidence that this tuning

relat ionship holds for ~~ ATT diodes as well has . been presented

by Peterson .73 Thus the method. of Nygren and Sj~ lund will, in

general , produce j ust the opposite effect for which it was intended ;

will in fact tend to zero rather than infinity if the circuit

is tuned such that 8 — 8 = 0 or 180 degrees .
V w

As a special case we examine the detected signal—to—noise

ratio with this new stipulation, 8~, = + 180 degrees. Equations

.12 and 7.13 can now be put in the following form :

~
2Ja l~= 

282 I
~En l Z + [ (V

~F /v2) ~~~ + ~2IZ /Z j2)~~~ 
(7.i~ )

and

det = 3 IZ t~I [IZ dIisin ~ 
+ ( h g  )(lZd Isin ~ 

+ i (alZ
~~

l/v
~ 0) ]

(7.15)

where $ is the rectification effect coefficient I RD , v is the

device—circuit tuning voltage IZdo I / IZ dVI, and ~ is the tuning angle

87 — 8 = — 8 + 180 degrees . As can be seen, optimization of the

(S/N)~~ with respect to the tunin g angl e ~ is impossible since the

obvious solution , ~ = 0 or 180 degrees , implies an unstable operati ng

point , i.e., d.et 0 for low values of ~~ . Cognizant of this dilennna ,

[

—— ~~~~~~~~~~~~~~~~~~~~~~ t,, ~~, .. — - _-•-• •—--— -•_ t-,• - - --.—--’ _ _-•• 
• • ~.• _#.._~n p__ _ __ _ 
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we choose to define a “heuristic optimum” value of (S/~ )~~, by

maximizing the system determinant, Eq. 7.15, with respect to F .

Again , the obvious solution for this course is orthogonal

tuning , ~ = ±90 degrees. The backhanded aspect of this choice is

that the (S/N)~~, is actually minimized when ~ = ~~0 degrees .

Nevertheless, as Eq. 7.l14~ cannot be optimized independent of system

stability , orthogonal tuning is maintained not only to be a

satisfactory goal but a desirable one as well.

It is apparent fr om Eq. 7.1L~ that the detected signal—to—noise

ratio is independent of the value of the bias resistor R~. Thus to

study the co~~on case of constant current bias , a bias circuit

Variation is defined as

and the limit of the system equations , Eqs . 7.9 through 7.11, as

-‘ is taken. This is the case studied by Gupta 4t al. 13 The equations

for the RF and IF incremental ccmDonents now become

l~- Iv  s in (8  — 8
— rI c w H
— V • d tcRFo

H zdojF~~~
8H e~,) + j ~~ ~~~~ cos(8~ 

- 8
H11

~SW = V E Z • d~t (7.17 )
- C

and

$v 
~~~~ 

lsin (e. — 8
dvc = CL 

~ 
~
1RFo 

. detc (7.18)

where

z
detc sin ~ + i . (7.19)

RFo dv I - , 
~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ _ - .  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — - 

~~~~~~~~~:::~~~ii -
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since ( S /N ) ~~, is independent of it does not change . The particular

advant age for this method of bias is clearly evident , upconversion

of the diode low— frequency noise has been eliminated.*

Finally, we estimate the corner frequency at which the im.agi-

nary portion of sin.~~+ j (~ / V~~,Q ) I Z ~~/ Z dV l become s equal to the real

part for a typical diode . From the experimental dat a of Snapp and

WeissgJ.as 10 for their Diode B (see Fig. 6.6) at J0 = 50 A/cm2 ,

V = 5 V and f = 6.6 3Hz , we haveo

- 
_1 

____— — 
~~1T(

~ C )
~ °‘~ Fo d  o

where from graphical differentiation

• d 
— 1. L~ x 10~~ mho/V

RF
0

Also ,

Izt~1 = 
~~~~~~~~~

. ~~~t I0. 
(w~C~ )2 

~~

where is the loaded Q of the oscillator circuit an d. G . — 7.2 x

l3~~ tho. Thus at the corner frequency ~ 
for orthcgonal tuning

i
- 

3.2 GHz
2~~~

For a typical value of = 25 ( again estimated from ~efere nce 10)

* Current fluctuations in the bias source can still be upconverted
however .

— —

— .~~~ _____ ___________
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this corner frequency is approximately 120 MHz. This result is

deemed as representative for most diodes. Further , since all the

measurements for the very—low IF mixers that are considered in

this study are at modulation frequencies of less than I .MHz , we

can safely neglect any imaginary contributions to the phasor

incremental terms in Eqs . 7.16 through 7.19 and consider all

quantities real and in phase .

7 .2 . -  Thecret ical and Exzerimental Results for Very— .ow

Intermediate—Freq .uency Self—Oscillating BARITT Diode Mixers.

‘Jery—lcw intermediate—frequency negative—resistance mixers can be

easily characterized in an experimental se:u~ similar to that shown

in Fig. 7 .3a .  At any particular diode operating point the phase

shifters are adjusted to produce a maximum detected voltage signal

across the ~icde terminals (detected current through the diode for

a Gunn device).  This procedure ensures pure AM modulation as

discussed previ ously. The transmission medium pat h attenuation

is then increased until the downcon-rerted signal is ,~ust ecual to

the noise. From Eq.. 7.17 we have for this condition, i.e.,

= 1, and for low modulation frequencies and orthogonal

• tuning,

$ 2 I~~~~~~~~~ l 2  = 282 !ê K~
j 2  + 

RFo e

We can express this value of in terms of the measurab e minimum

detectable signal (~~S) to the measurable carrier power (C) ratic

as Ie ES I 2 k V R~~ j V /V f j or 

--
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2 H
_ _ _  

L= = I + —-a— (7.20 )
C V~. k2 I

min L
2VRF C

This ratio , ~CS~ 0 is of prime import ance in radar—typ e applications ,

as it indicates the maximum allowable system pat h loso or range .
I

While in receiver—type appli cations the primary interest is in the

value of the ~~S only , for it represents the receiver sensit ivity .

:t follcws that the ~~S/C ratio for a given value of C is a useful

means for comparison for various device—circuit combinations.

An important consequence inherent in Eq .. 7.20 is the fact

that , othe r than the determination of’ the amplitude of the iicde

RF voltage in -re and the presence of the coupling efficiency factor

k, the device—RF—circuit interaction is nanifest only in its e f fec t

on the IF noise term . The dependence o:’ ~~ S/ C on the RF noise is

erie of protortionality to the intrinsic—device noise alone. This

is cont rary to the measurable icuble—sideband AM—noise—to-carrier

ratio ,

272 I~ ~ ~~ i~1~LI = 
c L H  ~~~AM En

V
~F 

V
~Fo

where i is the current fluctuation in the bias source in which3m

both the device—RF—circuit interaction and the intr ins ic—RF—device

noise determine the total RI contribution . Thus in theory it

appears th at it may be possible for the ~~S/ C ratio for certain

• devices and circuits to be actually less than the measured

(N /C)
~M Is3 ratio , even for noiseless bias supplies. In practice ,

• 
-



however, to the author ’ s knowledge , th is  has never been ocserved .

The closest agreement between ~~S/C and (N / C )
~~I DsB for any device

has been with the 3AR m’T diode (see References 2 and. 11 and the

noise measurements in Reference 7~ ). Figure 7.4 is a plot of

measured X—ban d ~ZS/C values
11 for four different SA?.1 T diode

structures , a commerc ial L~~ATT diode and a commercial Gunn diode

vs. their RF -output powers . Clearly the 3~~ITT structures are

all superior in terms of MDS values and the 16—7 and 50—V BAR1 T

structures are superior in terms of path Loss as well. These

results can be e:~~lained , at least qualitatively, with the aid of

Eq.. 7.23 as follows :

1. The intrinsic RF open—circuit  noise voltage for :ne

BARITT and the Gunn are comparable since they both arise sub-

stantially from d i f fus ion  noise sources . The intr insic RI

open—circui t ocise voltage for an ::~~A:T is several orders of

magnitude higher since it results from the avalanche mult ipl icat ion

process. Thus the ~ -~ ATT is inferior on an equal ?.F drive basis

in terms of [a-. f 2

2. The 3unn diode appears to be a poor d.cwnconverter a

postericri and suffers in comparison to the BARI T and the ~~~~~~

Nagano and Akaiwa69 measured conversion sensitivity values for an

X—band Gurn which can be approximately e~~ressed. in terms of the

notation of ’ this study as By . They foun d maximum values of Bv~C

of less than J .6  V. This is to be compared. with values of several

- - hundred or more for a BARITT or an II~~ATT. Thus the IF noise

contribution is more dominant in the ~~ S/C expression fcr the

Gunn device. Also , the “corner frequency ” for the 1/f IF noise

I
- - - - - - - - - .— —~~ — - -- 
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of a Gunn appears to be higher than its ~~~A T  and 3~~~ TT

counterrarts.

3. 
- 
The IF noise voltage of an ~~~ATT varies inversely with

bias current .78 , 79 Therefore at lower RI output power levels——due

to lower input d.c power levels——the F noise component will rise ,

relative to a higher bias current value , and further degrade the

~~S/C ratio.

~~. As the RF output power of a 3~~ ITT diode is lowered via a

decrease in the bias current both 
~~~~
. I arid e fall since they

~ fl

are both monotonic functions of the bias current. Therefore ,

depending on the circuit , i . e . ,  v and k, and the rectification

factor 
~~~
, the 3~~ITT has the potential -of maintainin~ its ~~S/C

capability as its prime power (dc ) is lowered. This behavior is

observed in general for the B~~ITT devices of Fig. 7.~~; that is ,

the fall in ~~S/C is not as great as the fall in carrier power

over the operating range shown . :n one case, the 16—v device , the

CS/C ratio is approximately constant over a carrier power drop

of more than 15 d.L

Similar substantiat~ng comparative results have been observed at

K—band.12 and at very-low modulation frequencies at X-band .80

A detailed theoretical study of the K-band BARITT diode

structure first presented in Chapter 71 (see Fig. 6.13 ) is given

in Figs. 7.5 through 7.9. All the results presented are at a single

RI drive frequency of 21.3 ~Hz to correspond to the experimental

study of Reference 12. Sho~~ in Fig . 7.5 is an R—X plot o±~ the

diode ~~pedsnce as a f~~cticn of bias current density and. the

magnitude of the RI drive voltage acrc/:s the diode . The two tuning

_ _ _ _
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trajectories indicated in the figure represent the two limiting cases of

device—circuit interaction . One case , constant R.1. tuning CR 1. = R ),
~ c

assumes that the minimum practical* resistance that oan be presented

to the diode terminals is limited to a fixed value , chosen here as

x 1O~~ ~—cm 2 , and that tbis value determines the diode operating

point . This case can be considered to be the circuit—limiting

case. The other trajectory , maximum power tuning, assumes that

the circuit is capable of efficiently presenting to the diode any

value of R~ needed by the diode to produce its maximum RI pcwer

for a given bias condition . This situation is the device—limiting

ease. In any actual device—circuit combination the operating point

would no doubt lie between these two extremes so their identification

serves mainly to bcund. any derived performance factors . The origins

of the two trajectories are obvious from Figs. 7.6a arid b where the

diode power and large—signal resistance are given as functions of

RI drive and d.c bias . It can be seen that the choice of F’.. = x

c2-cm2 leads to increasing RI power with bias until approximatej.y

the maximum power point (with bias ) is reached. A different choice

of R , i.e. , 6 x iO—~ . ~—cm2 , would not permit operation at the higher

bi as levels at 21.3 GHz arid in fact would not allow maximum power

• operation for any bias level at 21.3 0Hz . It is also noted that

the present choice of x 1O~~ ~—cm2 is violated at the bias

extremes for pure maximum power tuning . Clearly then , the choice

of the actual operat ing point will be a compromise process depending

on both the circuit and the bias .

* Practical th the sense of maintaining a reasonable coupling
efficiency.

~~ - •~~~~~ ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ _ - -
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The dependence -of the system determinant on irive ,

bias and tuning is shown in Fig. ~~~~~~~~~ n general , IZdV I falls

with diode RI output power and thus the system become s more sensit ive

to disturbances as the diode RI power decreases. This is desirable

since for constant current bias the IF device noise is removed from

the upconverslon—dowyiconversj on loop and its effect  in the IF

circuit is thus diminished by increased loop sens itivity . The diode

rectification effect is shown in Figs . 7.8a and b.  The rectifica-

tion factor ~ is seen to less than double over the entire range

of the plot arid as such can be considered a very weak fun ction of

bias and tuning . The theoretical device—circuit interaction voltage

v is shown in Fig. 7.9. The comparison between these values and

the Gum diode values of Bv~ mentioned. previously is most striking.

~~~~ ap parer.t is the iesirability of operation in a device—limited.

ci rcuit environment . Cf course practical limitations govern the

extent or even prevent the existence of any such environment for a

given actual. circuit so the trend toward better ~~S/C performance

with lower prime (bias ) power must eventually reverse.

To complete the K—band device study the measured NDS values 12

in a 1—Hz bandwidth for an experimental version of the diode

( chip area 2 x 1O~~ cm2 )  are shown in Fig. 7.10 . The maximum

path loss capability for this device at a modulation frequency of

10 kE:, 117 dB , is 30 d.B worse than the best X— band. measured value ,

Fig . 7. L i .  Since the difference in RI output power between the two

diodes at their optimum ~WS/C operating points is approximately

15 dB it is logical to assume that the K—band diode performance is

hindered by its circuit. Also, the theoretical maximum P.1 output

-a--.-- —-- -.-- _—- - — - —  — .. — __—• •— --- -•---.—-- - •.•- — • - — -—- --— -—- 4 -•—. —- — -•. - - . 
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power for this device over its region of negative resistance is

approximately an order of magnitude higher than that observed experi—

mentally. Given the relatively close agreement between theory and

experiment for RI output power at X—band, this level of disagreement

further reinforces the supposition that the experimental device is

circuit limited.

7 .3 Four-Frequency BARITT Diode Mixers

7.3.1 Introduction. The analysis of very—low I? mixers presented

in Section 7.2 was restrictive in the sense that both the ~~plitude of

the diode RI perturbation voltage and the intermediate frequency were

required to be small. In this section a general small—signal analysis

is presented for the BARITT diode mixer in which the value of the

intermediate frequency is unrestricted. The method of analysis follows

closely the work of Hines’5 on i~~ ATT diodes and is essent ially a

straightforward extension of classic nonlinear resistive mixer theory . 81’82

Similar to the detector study of Chapter V the particle current inj ection

region (the forward—biased region of the diode ) is assumed to be the only

nonlinear element of the device. The forward—biased region displace-

ment capacitance at first glance could. also be cons idered to be pumped ,

since the extent of the region changes with the pumping voltage .

However , considering the diode as a whole , the total displacement

capacitance is fixed and does not vary with HF dr ive since the diode

is a punch—through structure . Therefore it we define an “average”

forward—bias region width , the phas e of the injected particle current

will on the average be correct . This is definitely an approximation ,

but one that greatly facilitates a closed— form solution. Hines

— -.~~-~~~ --~.-— — — — J.~__J_ ~~~~~~~~~~~~~~~~~~~~~~~ ~-~~~~~~._- —=.~~
- 
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assumed that actual frequency conversion occurs only in the nonlinear

injection region (avalanche region) of an I~~ATT diode arid that the

drift region serves only as a linear parasitic ( active or passive ) 
- 

1
impedance. This is similar to the two-frequency harmonic large—

signal study of Mouthaan 80 discussed in Chapter VI except that only

the pump signal is assumed to be large while the other perturbing

signals , nonharmonically related , are all assumed to be small .

The I~~ATT diode frequency conversion analysis of Evans and Hadda d83

considered the entire diode to be the nonlinear frequency converting

element , the effect of which was a restriction of their closed— form

ana1~~ical solutions to frequency regions which resulted in small

diode drift transit angles. The approach taken here, ala Hines , is

to solve for the frequency converting transadnittance terms of the

forward—biased region of the diode , much like the two—frequency

study of Chapter VI , and. then include the effect  of the diffusion—dr ift

region in a manner similar to the deri’~ation -of the small—signal

diode model of Chapter III. A coupled three—frequency equivalent

circuit is thus formed from which the conversion and noise properties *

of any specified mixer network can be determined by simple circuit

analysis.

Two basic modes of operation for the BARITT diode mixer can

be identified : an active mode in which pump power is supplied by

the diode itself, i.e., the self—oscillating mixer , and a

passive mode ~n which tump pover is supplied from an ext ernal source.

Both modes. of operation are discussed in this work.

* The IF is assumed to be of sufficient magnitude such that noise
contribut ions of the pump (i.e., oscillator noise) are negligible.

--
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7.3.2 The Frequency Conversion Process in a BARITT Diode

and Freouency Converter Circuits. As developed in Chapter II the

particle current inJ ected into the diffusion—drift region of a

BARITT diode is a near exponential function of the total applied

voltage across the forward.—biased. region; that is, c.f., Ea. 2.23,

J (t )  = J5 ~~~~~~~~~~~~~

The applied voltage across the forward.—biased. region conalsts of a

d.c portion V..,, a large— signal pumping voltage V~(t)~ and a number

of small—signal informat ion carrying voltages ~ v ., ( t )  arising from
n rn

the input signal or signals and the subsequent conversion process.

Since all the information carrying voltages are assumed to be small ,

the inJected particle current density can be expanded as

j ( t )  J~ (t ) [l  + 

~ 
VF~~( t )}  , (7.21)

where J ( t )  is that portion of the inj ected current that is due to

the d.c bias and. the pumpi ng signal only . For a periodic V (t) with

fundament al angular frequency ~~, J~ (t )  can be expressed by its

complex Fourier series as

j~ U t  —j m~i t
J Ct) = J +~~~~~~ Z 3 e ~ +3* eP d.c 2 pm pm

where 3dc is the diode d.c current density and. 3pm is the phasor

represent atI on of the mth harmonic component of J~ ( t ) .  The

information voltage terms of Eq. 7.21 can. also be ‘~~itten in complex

form as

______ - 
—

~~
— 

~
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j w t  —jw t
(t) = 

~~ 

e + e n ]
Substituting these expressions into Eq. 7.21 and performing the

indicated multiplication yields

4 
j (~~t,- ~~~~~ g ç’ ,

.1(t) = .1 +~~~~~~ ~ .1 e ~ +~~~~~~~~~ 
L t Fn e

d.c 2 2 nm=I

+ 
~ 

7m ~ [~
Fn 

~~~~~ + 

~~~~ + ;~ e~~~~ 

—

+ c. c. , (7 .22 ) 
—

where is the small—signal conductance of the forward—biased

region 
~~e 

= 3dc /VT
)
~ 

y. is a defined transadmittarice ,

g 3
- e ~m (7 .23 )

and c. c. is the complex conjugate of all the previous quantities

on the right—hand side of the equation except the dc current term.

It is evident from Eq. 7.22 that a small—signal voltage across the

forward—biased region at frequency 
~~ 

gives rise to injected particle

currents at fr equencies ~~~ ~~ + and — w~~. Hines’-15 con-

venient and simple numbering system is adopted for keeping track

of the dIfferent frequencLes . That is , it is assumed that the

lowest frequency information voltage which exists across the forward—

biased region is at an angu lar fr equency w 0 with ~ ~~/2. The

— 

.

~-‘-_ ----_------ -.,—-—----- . - —-.-----~~~-
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inJ ection currents associated with this signal voltage are then at

frequencies

=
k p °

The information portion of J t )  can now be expressed in complex form

in terms of these frecuencies ~~~. , i.e.,

-‘ 
J.~i.t  —jw , t

1 ~ .1, e ~ +j * e ~

If coefficients of like exponent ials on the left—hand side and

rIght—hand side of Eq. .22 are equated , two infinite r~ -k matri x

equations, one the complex conjugate of the other , can be formed

relating the phasor injected ~artio. c ourrents .1. due to the phasor

information carrying voltages v~~. As a first—order approximation

it is assumed that only three information carrying voltages exist

across the forward—biased re.~ion and that these voltages are at

frequencies ~~ , ~ 
= ~~ + -~~ and. -~~ = — . A comtletely0 1 p a —i p o -

deterministic 3 by 3 submatrix equation can then be extracted from

either one ~f the full matrix equations . The submatrix equation

chosen here is

g. y* y* .~ .*
—1 e 1 2 F— i

~~ 7Fo (7 .2I~)

~
•
1 y

~ 
11 ~~ VFI

—._—-— - —_ - — —,~-— .- - -~~~~~~ --— ~~~~~~~~~ 
- 

~~~~~~~~~~~~ 
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The particle injection currents of Eq. 7.2 !~ are transported

across the diffusion— drift region of the diode and give rise to

induced terminal currents at the collector. At each frequency

the collector terminal total current can be expressed as

= S. + ‘r
tk Bkk ~Bk 3k ‘

where is the small—signal phasor voltage across the diffusion—

drift region. Equation 7.25 in conjunction with Eqs . 3.~ 8 arid

3.51 suggests the equivalent circuit of Fig. 7.11 for an example

frequency of 
~~~~~
. Similar equivalent circuits hold. at and

External circuits and sources a; each of the three frequencies of

interest complete the description of the 3ARI~~ diode frequency

converter and. a simultaneous soluticn of the three coupled circuits

is required. for a complete descripticn of the conversion properties

of the diode . Hines 1
~ presented closed—form expressions f~r the

solution o± an ~~ ATT version of this problem but they are so

cumbersome that only after numerous restricting simplifyIng assump-

tions can any insight be obtained from then . ?etersor.8~ obtained

solutions for the same ~~~~~~ pro blem by expressing the coupling

between the three circuits in terms of equivalent two—port network

parameters. This results In one large coupled circuit which can be

analyzed. by any convenient linear network analysis computer program.

The disadvantage ~f such an approach is that any possible insight

obtainable from a closed—form solut ion Is lost . However, this

loss is far outweighed by the speed and ease with which the analysis

1.. is imp1~~ented. The second. course, that of Peterson , is chosen here

.~~~~:-~~~* - ~~~ 

-

__________  ____  _________  ~~~~-— — ‘  - — p- - — — — —--’ .. -



~ ---- _ _ _ _ _ _ - . - _ _ _ ~~~~~~~~~~~~~~~~~~~~ -— - --- -_

—203—

A
y~~V Fo

* A*

Y Z V F..~

_ _ _ _  

_
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as the method of solution for coupled networks of the B~~ ITT diode

mixer.

The two—port network parameters , in this case the LBCD

parameters , that describe the coupled circuits typified by Fig. 7.11

are depicted in Fig. 7.12. The ~~CD parameters were chosen to

enable the use of a linear circuit analysis program written by the

author, similar to MARThA,95 in which the network is topologically

described by the use of wiring operators. This program posesses a

high utility for tl’is class of problem by reason of its power ful

circuit description capability and the relative ease by which

subsequent changes in the network are affected . The single but

large three—frequency coupled circuit that describes the entire

information carrying portion of the BARITT diode mixer is shown

in Fig . 7.13. The complex conJug at e network at frequency u~~ is

simply the standard. formulation of the network but is evaluated

using a negat ive frequency , —
~~~~~~

.

The principal interest of this section is the downconversicn

properties of the BARITT diode. For thIs application , signals in

the input frequency network , either the network [an upper—

sideband iownconverter (U SBD C)] or the network [a lower—

sideband downconverter (LSBDC)], are converted. to signals in the

other two frequency networks. The desired conversion is to the

circuit so a conversion gain (power gain) of the mixer can be

defined as the ratio of power delivered -to the e~cternal circuit

load at oo the available power of the input signal generator.

That is,

--____________ 
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~~ I~ 
1 2  Re (Z )

Gain = PG 
~ 2

1 -_______

8 Re (Z~1 ) -

where the use of the plus or minus signs depends on the particular

type of mixer, USBDC or LSBDC. The conversion gain of a BARITT

diode io~~ccnverter can be greater than unity for two reasons :

(1) Injection currents at one frequency which result from forward—

biased region voltages at another induce both terminal resistive

(in phase) currents and terminal reactive (90 degrees out of phase)

currents due to tran sit—time effects .  Thus , at the diode terminals

the structure appears as a pumped complex nonlinear admittance.

The gain properties of a pumped nonlinear admittance have been

well d.ocumented.~~~’3’  ( 2 )  Also, due to transit—time effects , there are

• frequency regions of diode negative resistance which can be employed

to produce conversion gain by combined reflection—type amplification

and mixing. In any particular application the two gain phenomena are

coincident — since they both result from transit—time effects and

no attempt will be made to individually identify them . Rather , the

possibility of conversion gain greater than unity is considered as

a stability question.

Consider the case of a. - USBDC. The image frequency network,

the 
~~ 

network, is terminated with the external impedance Z!1 .

Thus from the signal ~~ and. the IF diode terminals the converter

appears as a simple two—port network. A suitable descrIption for

this reduced network is the 7—parameter representatIon shown in

Fig. 7.12e. Obviously the LS~DC circuit can be studied in a completely

_ _ _ _  
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analogous manner. A linear two—port network is said. to be

unconditionally stable if all three of the following conditions

are satisfied :88 ’89

1. g
11

> O  , 
-

2. g22 > 0  -

and

3. O~~~C < 1

where C is the Linvill stability factor98 and is given by

— 
I1zi 

~~~~i 2IC — 

2g11 g22 
— Re(y

21
y
12
)

When C falls outside the range of condit ion 3 there exists a set o±~

passive terminations such that either the input conductance or the

output conductance , or bcth , are negative . f one or more of the

three stability conditions are not met the do~~ ccnver er is capable

of infinite gain, i.e., oscillation. This does not degrade the

potential of the diode as a useful converter , it only requires that

care be taken in the external circuit design to ensure that oscilla-

tion is avoided . The ultimate performance indicator of any mixer

is its noise performance or noise figure. In this context , the

question of whether or not a mixer is capable of a power gain greater

than unity is a secondary concern.

7.3 .3 Determination of the Transadmittance Terms. The

transadmittazice terms present in Eq. 7 .2k and defined in L~. 7.23

depend only ~n the d.c bias and. the large—signal pump voltage V (t)

across the foz,rard—b~ased region of the diode. DrawIng from the

large—signal study of Chapter VI we can identify -the pump voltage

as the specified large—signal drive voltage across the forward—biased

-

~

- - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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region. For the first—order approximation o± ~ a single sinusoidal

voltage across the forward—biased region,

v (t) = v cos~~~ tp p

we have (see Eqs. 6. i~ and 6 . 7 )

g .21 (VF1/Vrn )
= Io(vFl/vT) 

= 1,2 . .  (7 .26)

:n this case the phasor injection currents J are all real quantities

sInce the choice of the phase reference (time or ig in) ,  the phase of

pumping voltage, has resulted in J~(t) being an even function of

t ime . For the second—order approximation

V (t )  = VF1 cos(w t + 
~~~ ) + cos( �~i t  + 2~ + -

~~~)

a fundamental and second—harmonic voltage drive with arbitrary phase 
*

reference ~~, we have , from Ecs. ~~~ and 6.8 ,

g C + j S  j m4
= m e , m = 1,2 , (7.27)

where C , Sm and D are defined in the equatior.s i~~ ed.Iately fdllo~~ng

Eq. 6.8 in Chapter VI. In this case , given that the relationships

between V~,1, ~~2 and q are not arbitrary but are device—circuit

determined , it is not clear nor is it necessarily possible that ~

(a  -t ime origin ) can be chosen such that both and y2 will be pure

L ~ real.

An example of the sensitivity of the transadmittances to the

order of approximatIon used in their calculation is shown in Table 7.1.
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The fi r s :— an secc’id—orier a :trcximacion va oes f-~ :‘ ~ y o

~—band. -iioie examined previcos~y (see :ab:a 6.2), it maxi um rower

structur e :~o.  3, are given f:r a part icular set of drive condi t i ons

that  rrciuce a neg1i~ ible second—n armoni c terminal voltage . As

can be seen , a choice - of ~ = _ 2L .2 degrees as the chase reference

of the fundamental drive voltage in the :wc—fre-~uency :um:in ~ t ase

results in transadmittance terms that are easi~~r wi t hin ~ cercen:

of the songle—fre quency runr:ng va~ues. _hu s , :ne s:n~~ e— :rea oency

va ues are entirely adecuate. These results are deemed ::rci:a. for

all -device—ci rcuit  -configurations which limit the voltage across

the diode terminals to a single fre-cuency vuloc (ccnsi-derin ~ the

pump signal :n y) and as such the first—-crier arrroxima:ion will

be exollsive y us e-i in the  remainder of  t h i s  s tud y.

able .
~
‘.1

First— and Second— rier Arproximations for a -:— Bar.i iode

= 5 x 1O~~ cm 3 , v = ~m , = ~00 A cm ,

Funda.mental Preouencv = 2~ i~ z , = ~ V , 
~F2 

= :~~~~~~~~~3 ~~~,

= 321 legrees )

3econd —- J rder
Tran.sadmit:anoe P’ir st—3rder Value x ~~~~Term ( mho/cm2 )  7alue = I or 2

1.935 1.915 /2 L.2 Degrees

l.~~ 0 1.689 /l~9 .2  Degrees

— --

~ - —- -~~~~
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~~~~~~~~~~~~ — - --
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‘.3. -~ BARITT Diode Mixer Toise Fi~ ’or e. The noise figur e

of a network is defined as the ratio of the input sign al—to—noise

rat io to the output signal—to—noise ratio when the inrut noise is

thermal noise at room temperature . That is ,

• - 

(S/~T). 3
in ~out

(s/N) —

out out in

a network gain G is identified such that S = G • S. andout
N = G • N. + N thenout an e 

N
= ~ + 

e 
, (7 .28 )

where -t is the excess noi se at the output  due to the network alone

and. N. is the input thermal noise.

The excess noise at the F port of the dcwnconverter circuit

of Fig. .13 can be determined by the use of  the noise theories

developed in Chapter III and the principle of super~osit icn.  At

each frequency 
~~~

, and the signal voltage generator is re—

placed by the diode -open—circuit noise voltage 7 . due to d if fus icr.

noise , and a shunt shot noise current generator I . is added. acrossni

the small—signal conductance of the forward—biased region. Since

the noise properties of any network are unaffected. by the  output

pcrt termination , one simple measure of the output excess noise is

the open—circuit noise voltage (~~ = =) across the diode terminals

at This voltage can be foun d. by cons ider ing each noise voltage

generator or noise current generator separately and adding all the

___________ 

I
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results .  The excess noise voltage at t~~~ port will toen be of

the fo rm

= C •:~ +~~ ~:- +~~~ + : + : :
ae ,o ~0 n~ — 1 0  n — I  no 10 n I  — I D  ~ — I -00 no

( .2 9 )

where the transfer terms - and L are each found from :ne solution

of the -circuit  of Fig. T.13 for a voltage input at the diode terminals

or a current input across the fo~~ ard— ’ciase-d ~‘uncti:n , a: fre-;uency

~~~~

. ,  and a voltage output at the IF diode terminals . The d i f fu sion

noise contr ibut ions to Eq. 7.29 arise from the -diffusion—drift

regio n of  the diode which , in our approximate analysis , is onr urmed .

Thus they remain unctrreia:eI for  any level of mixer operation .

:~owe--er the shot noise con t r ibu t ions  to c .  7 .29 are directly de—

te rmine d b-- th e  :umcing level , the large—signal in.~ec:ed t a r t io le

cu rrent , and can thus be expected to exhibit  determinis t ic  in—phase

pror ert ies  since tne pumrin~ is p e rio d i c .  ~-~ith  these  f acts in

mind the cutru: excess noise  voltage has a mean square value of

= :- Hv H + IT  - 
2 ,

~ 
2 

+ 
2

~. 0 r.~~- — -
~~~

+ ‘ z. 12  
I~~~ 

2 + z_ 2 I I . 1 2  + I z 2 1± 2
n i 10 oc no ’

+ 2Re( z*~~ ~~ * + 
0~~

oo n.j no — 1 0 ~~oo n— 1 no 0~~~1)Th 1~~n~~

4 
I(im ,~

0 in an extension of Stru-it ’s fundamental work ,~~ has shown

that the correlatIon of the shot noise ocmpcnent s can be expressed ,

in the no ta t ion  of thi s study , as

- .~~ - - - - - - - ;
~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ 

- - - - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- 
~~ - ~~~~ .;: ~~~~~~~~~~ 
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2qJ
2 Re (z :* I 1* + 1 Z~ I ~~~* ) = t i  Re C (z  + I )z~ ~10 oo a1 no — 10 oo n— i no A 10 —10 C~

and

2qJ
2 Re ( Z~ ~~ ~~~* ) = Re (Z Z~10 — 1-0 ni n— i A 10 —

~~~~

where a unit observation bandwidth has been assumed , A is the

cross—sectional area of  the diode , and the 
~pm 

are the Fourier

coefficients of the pumping current -density , Eq. 6.7 .

The open—circuit noise voltage at the IF port due to the

tnermal noase from the inrut signal generator is

~~ng, o l 2  = i~ v~ Re

where again the use of the plus or minus signs depends on the

particular mixer configuration , ~JSBDC or LS~DC. The dowr.conversion

excess noise figur e now becomes

1 = l~qV~ Re (Z ÷1 )~ T~ 10 12  
(7.31)

The expressIon for the excess noise figure bears a strong

resemblance to the noise measure expression presented in Chapter

the small—signal diode resistance at frequency w~~ ia defIned $

as ~~~ and an excess noise voltage at the IF port due to - all the

no ise sour ces except the diffusion noise ~oltage at the signal.

_ _ _
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frequency is defined as = — , the excess noisenex ,o ne ,o n±1 ± 10

fi~~re exDressicn can be rearranged to yield

I Iv J 2 1 J 2
— dii n± l nex,o

e 
- 

Re (Z~ 1) ~qV~~I R ~~ 1 I 
+ 

~~~~ Re (Z~1 )IT±10 J 2

The second multiplicand in the first term is recognized as the noise

measure of the diode at -
~~ 

due to diffusion noise alone . In

frequency regions of negative resistance the diffusion noise is the

icminant noise contribution to the diode open—circuit noise voltage

and the di f fusion no ise measure is very close to being equal to the

total noise measure of the -diode . Thus for any number of cases [high

io , I R ~~1 I > Re (Z~ 1) ,  etc.]  it may be possible for the excess noise

figure to be numerically smaller than the diode noise measure. Cne

such thecretic~~ case is examined in detail in Section 7.3.5.

The downcon ’rer te r excess noise figur e defined in E q .  7.31

is dependent on the equivalent sour ce impedance at the signal

frequency ~j~~~~• One can easily determine91 the ootimum source

impedance such that the excess noise figure is a minimum if the

total excess noise of the diode is transformed ci~~o~~~h the converter

network and is artIficially asslgned. to a shunt noise current source

and. a series noise voltage source at the signal input terminals as

shown in Fig. 7.15. Since all the noise sources of the diode are

now represented as noise sources at the now noise—free converter

network , the excess noise figure of the converter can be found .just

from a knowledge of these noise sources alone . That is ,

- ~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — 
-—-
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I~ 
2 + I z + z I2~~~~~ 

2
nu y 5 fl

- - e

where a correlation impedance Z has been defined as

I~ ±~ Ia n

and 
~nu is t hat portion of 

~ 
which is completely uncorrelated with

Obviously, the correct choice for X for a minimum NF iss e
X

5 0~~ = ~X,1
. ~~~~~~ :ing the resulting exrression for NF with

respect to R
5 

leads ~~~~he optimum choice
91

~~~~~~~~~ \ 1R
U 
+ G J 2 1/2

s ,ott ~~. -z

where

and. 

nu 12 ~~~~~~\

= In 12 /~~~1T

The optimum excess noise figure is then

2G (R + R  )e ,opt n y s ,opt

• 

- 

Since there are f-our quantities that determine 
~~e ,opt ’ ~~nu ’2 ’ ~~n 1~

and. the real and imaginary part s of fcur different measurements

must be made wIth four di fferent source Impedances to completely

—A- — 
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—
~
—- 
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deternine the optimum source impedance. One satisfactory set of

measurements is as follows:

The output open—circuit mean—square noise voltages at the

IF port for four different source impedances are denoted as

=
5 S

=~~~~ , $0 S

R S St

and

= ixx s st

where R
~~ 

and. are arbitrary but finite test source resistance

and reactance values, respectively . Then, for the ABCD represen-

tation of the noiseless converter network, it is easily shown that

= I c I ~~ ~

R = 
1 

[IA  
+ CR 2 -

~~~~~~ 
- 

— jA 
~~~~ 

— R2 I c 12 ~2 3 ‘

and 

= (IA ~~~ 
i:x

g 
I2~~~~~~~~ - ~A ~

I~ 
12 = I A I Z  — IcI2Iz . ~~~nu s y o

H

R 
- S -~~~~~~~~~~ - - _ - _ _
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~~l theoretical excess noise figure values presented in this study

will be or : ir.ized values computed by numerically performing the

above ex-ceriment using the noise theory of Chapter III.

7 .3 . 5  Results  for 3~~ITT Diode Mixers. One of the most

intriguing forms of a BABI’~~ diode mixer is the self—oscillating

or autodyn e version . The diode is placed in a circuit envirox~~ent

which allows it to oscillate in its negative—resistance region ,

t hus providing its own pump . The input signal is usually coupled

to the diode by means of the same medium through which the pump

power flows away from the diode . The principal advantage of the

autodyn e mixer is its utter simplicity and for this reason alone

there has been considerable interest shown in the literature for

tunnel diode ,90 ’92 ’93 Guna d.iode,9~ ’
95 bipolar transistor,96 and

~~~~ -~~98 versions of the converter . The particular 3ARITT diode

st~~ cture chosen for study here as a self—oscillating mixer is

Snapp and Weissglas ’ s Diode B10 since it appears to be by far the

most characterized RP~ ITT structure, both theoretIcally and

experimentally.

It is virtually impossible to discuss every possible con—

figuration for a mixer structure , so several par ameters throughout

most of the self—pumping mixer study are held, constant . The

self—pumped, frequency is chosen to be near the midpoint of the

negatIve—resistance region , see Fig. 3.10, and is held at 7.5 GHz .

The image termInation is chosen to be an open. This choice prevents

image frequency diffusion noise currents from flowing but does not

hinder image frequency shot noise currents through the forward—biased

region of the diode. A short or any fInite pur e reactive termination

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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_ _ _ _ _ _ _

—220—

at the image diode terminals would allow both forms of noise

currents to flow and wculd therefore not be as effective as an

open image . It is conceivable that a specific complex image

impedance termination could be chosen such that the image fo rward—

biased region is effect ively shorted , thus negat ing the frequency

conversion of both forms of image frequency noise. The correct

choice for this Image termination impedance is Z. = (r~ . — 1)image ~,image

image where and are as gi~ren in the small-signal model

of Chapter III. However there are frequency regions where the real

part of this needed image termination is a negative quantity and

does not represent a realizable passive 1-cad. .

The first converter property examined is stability. Since

the diode is self—oscillating , one expects to find regions around

the pump frequency where the Converter is potentially unstable.

Figures 7.16a and b show the stability parameters g11, g22 and C

as functions of input signal frequency for the diode biased at

~dc = 50 A/cd and for two different levels of pumping: weak

pumping, V
P

/V
~T 

= 1, and strong pumping , V
p/VT = 10, where V~ is the

magnitude of the assumed single—frequency (7.5 GHz) pumping voltage

across the forward—biased region. The weak pumping values of g11

and g22 are only slightly different from their unpumped, uncoupled,

small—signal counterparts and the potentIally unstable region

corresponds almost exactly with the frequency region of negative

g11. The more interesting case of strong pumping shows greatly

~cdifIed values of g
11

. The values of g
22 

are also altered but not

to the same degree, and a far different range of potential Instability

is evident as compared to the weak pumping case. A unique feature

~~~~ 
_  _ _ _ _  _ _ _ _ _ _
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of the strong pumping case Is the region of absolute stability

near 8 GH~ , although its margin or proximity to potential instability,

C > 1, is small . The conclusions drawn from these plots are that a

self—oscillating downconverter can be constructed using this particular

diode but , as expected , it vii]. exhibit frequency regions of potential gain

instability: near the rump frequency for weak pumping and near the

pump frequency and relatively far above the pump frequency f~r strong

pumping.

The effect of pump strength on the noise conversion properties

of the diode is demonstrated in Fig. 7.17. Here the input signal has

been fixed at 7.65 GH: so the converter is a USBDC with an IF of

150 MHz . The four noise components shown are four IF port open—circuit

noise voltages (mean square) the sum of which compose the total IF

noise; the source impedance has been set at its optimum value . The

four noise voltages are : the total diffusion noise contribution

(IF and d.ovnconverted signal frequency), the sum of the individual

shot noise contributions (open—circuit IF and downconverted signal

and image), the sum ‘of the correlated shot noise contributions

(open—circuit IF and d.ow-nconverted signal and image), and the

d.ownconverted signal input ther mal noise. As can be seen the harder

the diode is pumped the more the correlated portion of the shot noIse

app roache s the negative of the sum of the individual shot noise

contributions. Conseq.uen-tly, the excess noise figure falls with

increasing pump power. This same shot noise cancellation effect is

observed In pumped exponential and tunnel diodes as well . The

anomalous behavior at Vp /VT 2.7 is due to a resonant phenomeno n

withIn the coupled cIrcuit. Near this point the downconversion

- S - - -- -~~ - --
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voltage gain rises to very high ralues and the entire circui t is

very sensitive -to changes of any sort .

Finally, the optimum excess noise figure values for tJSBDC

app1icat~ons of the diode as functions of input signal frequency,

ic current density, and pumping level are given in Fig. T.18a, b

and c. The lowest values of 
~~~~~ 

are seen to occur for strong

pumping and low bias current density. Since the open—circuit

i~ffusi-on noise voltage at any frequency is Iirectly proportional

to the d.c current density and since the shot noise correlation—

cancellation effect is strongest for strong pumping, this trend

is not surprising. What is surprising, perhaps, is the magnitude

of the values of NF that are ~redicted.C -

Experimentally, in this laboratory, the best measured SS3

noise figure values for X—band self-oscillating BP~ I~ T diode mixers

are slightly less than an order of magnitude greater than the

predicted values of Fig. 7.18. The experimental diodes were

+ +p rip uniformally doped SL devices similar to the one shown in

Fig. 1.1. The diodes were mounted in a converted waveguide crystal

detector unit with a slide—screw or E—H tuner placed. in front of

the mount to provide concurrent mechanical tuning of resonant

frequency and impedanc e matching , both for the oscillator and the

input signal. When thI s assembly was used in conju nction with a

circulator to Isolate the input noise source (noise tube) ,  total

receiver double—sideband noise figures (IF amplifier contribution

1.5 d3) of 22 d3 and above were routinely measured for an IF of

30 MH z. Raising the IF to 1I~1~ ?~iz and addIng a second tuner in

1- 
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series witn the first to enable double tuning trc iuoed total receiver

singLe—sideband. noise figures (:F contribution iB)  of  13. to

15 d.3. Double tuning can only be t ermed a headache as incrd.inate

amounts of time are required to attain the lowest possible noise

figure readings since all four echanica degrees of freedom of the

tuning arra ngement are strongly coupled. Evidence of true single—

sideband operation (JsSoc) was obtained by sweeping a low—level

input signal across the oscillating freauency of the diode and.

observing both the downconverted and. i eflected spectra for undesired

sideband. activity. N guyen—Ba 2 ’11 measured OSB noise figure values

of 12 i3 at K— b and using d i f fe ren t  higner voltage diodes and. an

of 3C ~~ z. He did not attempt single—sideband. -operation with

these diodes however . One hesitates to quote these experimental

values since they are not accompanied by any detailed. circuit

information as to the actual image termination or the degree cc’

incut signal cou~ling network e f f i c i ency ,  the refore , there is no

way of knowing if they are optimum or not . Clearly, precise

experimental circuit analysis and. synthesis will be reauire d to

completely determine the potential of self—oscillating 3ARITT

diode mixers .

The stabilit y parameters fcr dc maximum power structure No. 2

operated as a strongly pumped passive mode mixer , ~0 to 100 GHz ,

are shown in Fig. 1.19 for a bias current ier .sity of 100 A/cm 2 .

The IF has been fixed at 1.5 GHz and. again the configurat ion is an

-

- 
open image USBDC . The mixer is seen to be absolutely stable over

the entire frequency range shown. The princip~1 reascn that the

dIode mixer is no longer act ive is that  the frequency region of

- 
— 

_~ _ _ __ ~ _~ : ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
— - 

~~~~~~~~~~~~~ ~~~~~
_ _~~~



—22 7—

2

922 1’50 , mho/cm2

2• g 11 /IO , mho/cm

0

LOG C

— t  I I I I
40 50 60 70 80 90 100

INPU T SIGNA L FRE QUENCY , GHz

FiG. 7.19 M~ (~~ JM POW~~ STRUCTURE NO. 2. (J
o 

= 100 A/cm 2,

V / V T = 10 , USBDC , OPEN I~’1~GE , IF = 1.5 GHz) 

- L_~~~~~~~~~~~~~~~~~~~~ . .  ~~~ -~- ~~
- 

~~~~~~~ ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- —



—228—

negative res istance is weLl below the frequency range considered

so t hat all “ active” t ransit—time effects are averaged out by the

multiple RF period transit—time diffusion—d.rift region. Transi t—

time effects however are still present in this same region’s

oten—circu i t diffus ion noise vcitage , Fig. 7.20 , so it is expected

that the excess noise figur e will show some freq uency variation .

The optimum excess noise figur e as a funct ion  of frequency and

pumping streng~th is shown in Fig. 7.21. Again , the best values

for N are for strong pumping when the shot noise is effectively

canceled out by strong correlation effects .  The primary obstacle

to achieving these very encouraging values of NF at millimeter

wavelengths will be the eff iciency of the optimum source impedance

matching—coupling network , diode series resistance included . The

needed. real part of the optimum source impedance that nust be

presented to the diode at the signal terminals fcr 7 , ’J~ = 10 is

shown in Fig. 7.22. These values are all, gratefully, above any

worst case substrate loss resistance, see Section ~~~. 2.2 , and. at

least an order of magnitude higher than the diode large—signal

resistance values that would be presented to a pumping signal

(pumping signal such that Vp
/V
T 

= 10) at the same frequency.

These large—signal pump resistances as well as the small—signal at

the same frequency resistances are also shown in Fig. 7 .22 . The

external pumping power that is needed to produc e Va /VT 10 for

thi s diode averages approximately 20 W/ cm 2 over the frequency range

of L*O to 100 G~ z , t hus pumping network efficiency should riot be

— 
- 

a major problem as this represents a minimal amount of pumping

power.
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I: is concluded that both active and passive mode 3~~ ITT diode

mixers ho ld considerable promise as low—noise downcoriverters. Much

work remains to be done , however , for both modes , Principally in

circuit design and characterization.

‘
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OHAPTEB v:::. C0~iClUS~ON~ .~orp SUGGESTIONS FOR FURT~~P, ~o~ c

In the course of this dissertation the author has sought to

establish that :

1. The 3ARITT diode and the punch—through transistor can both be

derived from standard bipolar ju nction transistor theory providing

the correct collector—base minority carrier concentration boundary

condition is employed ~Chapters II and 11).

2. Transistor “action ” continues into the punch—through mode of

crerat ion and in fact improves frequency—resronse—wise (Chapters :

through :1:).

3. The 3~3~~ T diode has two useful modes of video detector

operat ion:  an active mode in which the nonlinear negative resistance

~~
±‘ the structure is used to simultaneously amplify and detect signals

~~nd  a ~as si-.e mode in which the parasitic impedance of the diffusion—

drift region fal ls  with frequency thereby improving the rectifying

e f f i c ie ncy  of the entire idode (Chapter :7).

.. The 3~~ ITT diode can be a very sensitive high—speed optical

ieoe:tcr in two f requency regIons : before transit—time rolloff arid

wi th in  the ~ioie negative—resistance region ( Chapter 7) .

5. Fundamental frequency RF power production by unifo~~a11y

doped 3~~~~ T diodes is limited to frequencies below apprcxlmately

~O 0Hz (;hapoers 11 and ‘11).

6. ?F power can be extracted from ha~~onic operatton of 3AR~~~
- - diodes if -t he ~undamerita 1 Is also excited (Chapter VI).
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- . The minimum detectable signal—to—carr ier ratio of a very—Low

IF BANI’TT diode m±xer can be comparable -to or below the measurable

AM d.ouble—sideband noise—to—carrier ratio (Chapter 711).

8. The ultimate excess noise figure limitation of a. general

BARITT diode mixer , oscillation noise aside , is the ratio of the

signal frequency diffusion—drift region diffusion noise to the

input the~~al noise of the signal source impedance arid that this

-optimum ratio approaches small values for strong pumping arid low

bias currents (Chapter 7::).

Kopefully , the methods and. assumptions used in the derivations of

these results have led to a further und.erstand.ir.g of pun~h—through

device operation and t~ e results themselves will stir renewed.

activity in the general area o:’ punch—through semiconductor devices.

In additIon to the actual fabr ica tion of millimeter—wave 3ARI~~

diode devices and microwave versions of punch—through transistors

and ph0t~—3ABiTTS, numerous areas c-f supplemental research and study

are suggested ‘zy either the methods of analysis used in this work

or their attendant results. A few of the most conspicuous are:

1. Two—dimensional effects ( emitter crowding , undepleted base

bulk regions, etc.) in punch—through transistors.

2. TransIt—time frequency operation of punch—through tran-

sistors.

3. Large—signal punch—thr ough transIstor operation.

~. Two—dimensional effects in ~ two—dimensional BARITT d.~ ode

structure used for passive—mode video d.etect~on and passive—mode mixing.

5. Measurement of RF serIes resistance due to substrate arid

contact loss in a BARITT diode.

— — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — ~ _ r-.__ _. _n _
~~~ • _ ~~~~ _.4
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6. Study of injection response t ime (assumed instantanecus in

this study ) in punch—through devices.

7. Noise in photo—~ARITTs .

8. Subharmonically pumped self—oscillatIng BAR T diode mixers .

9. Detailed characterization of existing BAR TT diode detector

arid. mixe r circuits ~articularly at millimeter and submillimeter

wavelengths .

L - -



For a on: transistor structure under ncrmal forward b ia s ing ,

the hole concentrat i on and the hole current density a: a tom : near

the collector edge x w of the base region can be e~~ressed as*

~(x ,t) = p (x) + p 1 (x ,t )

and

= + J, (x ,o.) .

w = w[7
~3, J ( w ) ]

~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ ( )
o ~~~~~~~~~ ~-: ~~~~~~~~~~ P1

j v  ~w)
CEc

w + w  ,o ~

then

p( w ,t )  = 
~

‘w p (w ,t )  ~

p ( w ) + p ( w ,t )  + 

~~~w 1 ~A . 2 )

k * In this Ar~eniix ;uantities wIth a “0” subscript -denote d.c values an-i
~uentities wi :-i a “ “  subscri~: represent small—signal time—varyingvalues.
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and

J ( w ,:) J ( w ,t )  + = 3 ( w ) + J ( w ,t )  +

(A .3 )

~ut

p - pO p 1 _ iw = ~r + - 0X 1 
w 1 3~X w 1

0 0 0

since the second term is of second order and the derivative pcr :ion of

the first term is negligible when the majo r share of the ic current

throughout the transistor is composed. of hole current. Thu~ for

F = F r 7  ,J ( w ) 1U ~~~~~~~~ p

F IV ,J (u)1w CBo pa

3FU 
v + U S (w)  (A. L~)- 3V~~ CB1 &J (w )  

S (w)  ~~V - ~ 0C3o

we have from Eq. A.2

p1
(u ,:) p( w ,;) — p

3
(w~~ — ~~~~~w1

or , substi:ut I~ g the results of Eqs. A.l , A. 3  arid A.~4 , -
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~~ (w 
~
- )  = .~~.E. 3w - r•- 1 ‘o ’~ ax 

~ 0 
3VCB v 

02.

CBo CBo

3F
+ 3J (w~~~ ( w )  

~~~~ ~
T(u)i j (w )J 

S ( w )
pa 0 0 P0 ~

— 
3F ‘

~~, 3F j= V CB1 + 
3JH~w) 3

1
(w)
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APPEN DIX 3. AN 12 RP~ETATION CF T~~ AM AND FM MODULATION OF THE ~F

VOLTAGE ACROSS AN OSCILLAT NG DIODE V~~Y-LOW ~~

For modulation frequencies well below the corner frequency 
~~~

,

all low—frequency phasor quantities are real .

EQuations 7.16 and 7.17 then become

~ sin (w.t + e . — e )
= 

1 (3.:)sin ~

and 

dv

— 7 sin (~~. t + e. - e.
t) = 

~ z~
1
~ ~~~ 

1 
, ( 3 . 2)

where

ZH ~~do~

Z
d.o 

= ado ’ e

-
~~ 

is the IF , the arbitrary phase of ~.. has been chosen as ~r , and the

remainIng s~~ bols are as defined in Section 7.2. One interpretation

of the AM arid. FM modulation descrIbed by Eqs . 3.1 and 3.2 is as

follows : Visualize a reference thasor U at the unperturbed ~P- 0

frequency arid. two additional smal. magnitude pkiasors U , and. TJ2
at + and. — w~~, counterrc-tatizig about the tip of The

total phasor U is the vector sum of the three; that is ,

-239—
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j ( w ,. t+~~1 ) ~~~~~~~~~~U = U + U e  - +~~~~ e 1 (3 .3)

where U 1 and << U
0
. It cah be sho~m , after some tedious algebra,

that this phasor notation represents the AM and FM modulation of

Eqs . 3.1 and 3.2 , i . e . ,

j~~ -tr~ -‘ ~v(t)
and

. L & — -
~~

when the phasor quantit ies are identif ied as

U1 = ~u(1 + /1 - v2 ) ]
i 2  

, (B .~~)

v 1/2
U = 

u (B .5 )2 — j + v ~~~~~ ;2

and

+ tan_’{}~~~ sir. , (3.6)

where

- 1 t~4)V Z
~F dv

0

- _ _ _ _u =

- R - 1v ~ + 1 
sec (

~~~ 
+

— and

V

- -
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Since only the sum of the relative chases of U
1 
and U2 nead be known ,

either or 
~2 can be set to zero and the other car. be ietermined from

E~ . 3.6.

The physical interpretation of this three—phasor representation

is that U is the unperturbed diode voltage and that either U, or

is the voltage across the diode due to the incoming signal. The

remaining phasor voltage, U1 or u2, is the induced image signal due

to the conversior. process.

The simplest case to examine is that of orthogonal tuning.

For this restriction sin ~ = I and U1 and U2 become equal . Equations

3.~ and. 3.5 reduce to

U1 = U, = ~~~/(R +1)/R -
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