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- ABSTRACT

3 | 4“"‘ . |
The work presented here is a study of the behayior of the
‘electronic 1mpedance under transient co nd1t1ons for a; type of Impatt diode.

Th1s study includes both analytical and evper1menta1 1nvest1gat1ons and

is app11cab1e to. Read mode] and one- s1ded abrupt Junct1on Impatt d1odes

An improved ana]yt1ca1 mode] of the d1ode has been formu]ated
and eva]uated This mode] a]]ows ‘the inclusion of the. space charge
effect assoc1ated with the ava]anche region as well: a~A1nd1v1dua1 1onizat1bnf
'_ rates and drift velocities for both types of carr1ers The mode] spans
the range of app]tcab1]1ty of both small-and 1a,4«ff"qna’ ana]ys1s and

| can be used for.steady-state or transient operat1ng conditions.

4 . ”,

The t1me dependence of the Impatt d1ode s Junct1on temperature

is measured to within f1ve nanoseconds of the onset of the bias pulse and“

a model for the transient heat flow in the. d1ode ssem1conductor Junct1ont.4ﬁ-

l

is developed. This heat f]ow mode] g7ves close agreement with the
expérimental results and is app11cab1e %Or a range of pu]sed operating -

'conditions. Also, a means of 1ncorporat1ng changes in the Junct1on

es

temperdture into toa ana]yt1ca1 model is eva]uated

- “d

A method for the meac ement of the diode's e]ectron1c 1mpedance

PN

at microwave -frequencies and under trans1ent operat1ng cond1t10ns is
'ldeve1oped. Th1s method employs the pr1nc1p1e of re]nsert]nd the tarr1er |
'frequency to measure the comp]ex ref]ect1on coefficient as a funct1on R ;<f

of time and is roterred to here., as the Carr1er Re1nsert1on Method With .
-th1s techn1que, the. d1ode S e]ectron1c 1mpedance 1s measured during the

i

iv



7
buildup and decay of bias pu]ses hav1ng r1set1mes of five- nanoseconds

There is good\agreement betWeen these measured results and those -

prov1ded ‘by.the ana]yt1ca1 mode]

.,

The ana]yt1ca1 model of the Impatt diode and the resuif; of the\
trans1ent e]ectron1c 1mpedance measurements are ut111zed to construct a
computer @ode] of the diopde. Th1s mode] indicates that the transient
'character1st1cs of the d1ode s electronic 1mpedance have a relatively
short durat1on and -are largely cohf1ned to the real- part of the electronic
1mpedance. A]sd indicated is ‘the dependence of *the transient effects
upon. the rise times d;‘the bias vo1tage pu]se and on the frequency andpn
.. magnitude of the R.F. vo]tage 1mpressed across the d1ode The s1gn1f1ca2ce
| of these trans1ent effects with respect to Impatt d1odes used in R.F.

'amp]1f1ers and Osc111ators is d1scussed
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’ : CHAPTER I
INTRODUCTION

In recent years, the use of semiconductor devices in micro-

wave: communications has increased significantly. Within the past

e

several years,'sol1d~state microwave osc111ators and amplifiers have

‘

demonstrated econom1c and/or performance advantages over microwave tube

components(] 2),

. and as a resu]t are B®ing 1ncorporated 1nto m1crowave
systems. Two 1mportant sem1conductor devices used for the generat1on
and amplificatiqn of m1crowave frequencies are the Transferred. Electron
- and Avalanche diodes The Transferred E]ectron dev1ces are most suited
for’ ]dw no1se, ]ow power app11cat1ons while the Ava]anche dev1ces, at
the present time, are the most powerful solid-state source of micro-

'a
a

wave energy for continuous wave (CW) app]1cat1ons(3).

%

lt is un]ike]y that the avalanche diode.or any other solid-
state device, wi]]'sfmp1y replace tube devices’in the near foture.
Rather, so]id~state technology will be applied s octively to perform
spec1f1c system funct1ons which freely cap1ta11ze on the advantages of an
all solid-state approach For this reason and to ensure successful .
1mp1ementat1on in the new systems concepts, a precise know]edge of
the characteristics and 11m1tat1ons of these.solid- state devices is

desirable.

This research project is concerned with studying the tians‘ent
o ' . o . : ,
“behayiior of pulsed Avalanche di des in their principal mode of operation.
e . . '
‘Ava]gQEEE_diodes may operat€ i <.veral modes(3), some of which are .

.
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<
N

.

referred to as TRAPATT, parametric and Therm;1, with the}ﬂfincipal

mode beiﬁg referred to as the Impatt mode (Impact ioﬁisatién Avalanche
and Trapsit Time).. Mathémat?%a] models describing the steady-
state behaviour of this diode in different modes of'operatidn'haVevbeen
pub1ished(4’5’6); but very Tittle work has been carr1ed‘oQt, so far,

on the transient behavior. particularly during'pulsed operation.

+ The bu?1dgp'of oscillations in an Avalanche diode oscillator.
and the ope;ation'of Avalanche diode amp]ifﬁéré»Uﬁder varying signal
condition;, are actué11y a study of the Behavior of the diode's
electronic impedance under tgansient conditions. fhe transient_
conditions méy be those of initial tﬁfﬁ‘on:off or the rapid-step changes
in tHe level of R.F. power. The termv“e]ectrdnic {hpedance" refers
only to fhe impedance of the active part of the semiconductor,;while
the term “diOde’iépedance” refers to the-combined effect of the |
electronic 1mpedancez the impedance of the passive part of the semi-
condpctor and the diode package impedance where applicable. Tﬁfs
electronic impedance of én”Impétt diode is dependent upan the d.c.
bias vo]tagg, as well as the.frequency and magnitude of the R.F. voltage
across the diode.  Consequently, some special problems arise in the

design of Impatt diode.amﬁ]ifjers and oscillators.

Solid-state circuits(7) capable of small-signal amp1if1cét10n-
at microwave'frequencies, such as tunnel diode - and pqrametric
amplifiers, have been in existence for many years. It has been within '

the last decade that semiconductor devices with potential high power



amp]1fy1ng propert1es, such as Avalanche d1odes have become available.
Several 1nterest1ng 31rcu1t/concepts have already been realized using
Impatt diodes that promise to open up new areas of system '- v .

[y

app11cat1ons(7). Due to the. negative res1stance mechanism of-

the Impatt diode both the E;a1 and 1mag1nary parts of the d1ode s
impedance are strongly dependent on the d.c. bias current and R.F,
signal. 1eve]s Shifts in the frequency and magnitude ofjthe max imum
8)

: gain( occur for different incident R.F. levels, wh1ch Jeads to some

d1stort1on in the amp]1f1cat1on and injection locking character1st1cs

eof ref]ect1on amp11f1ers A more thorough- understand1ng of the trani$ent
\

behaV10ur of the diode's e]ectron1c 1mpedance wou]d be:helpful in

des1gn1ng these amp]1f1ers , : <
. . G

In'the communications 1ndustry(9) there is a.ghowjng need
for an inexper - ive, short range, common carrier‘faci1ity which'has a
h1gh mESSaJP L.rrying capac1ty “This syutem would serve such purposes’
as 1nterc1ty computey - to - computer 11512 where the cost of 1ay1ng
cab1e would be prohibitively ‘high:- A two-level pu]se code modu]at1on
(pcm) microwave repeater system with a b1as modulated Impatt diode - as
L a transmitter stage wou1d fulfilt th1s need A bias modulated osc111ator
comb1nes the oscillator and modu]at1on funct1ons into one unit. Thls
system has s1gn1f1cant cost advantages as well as. requ1r1ng a m1n1mum
of hardware. - Two ways in which two-level PCM ‘can be /produced are

frequency modulation ( s Qyth a se]f—dev1at1ng oscHlator, End amplitude

, modu]at1on (AM) of the R.F..carrier. SR A ',/77
_ . o | 7

In the self- ~-deviating Impatt osc1]1ator, the R. F. carr1er is

cont1nuous]y produced at a constant amplitude and the b]as modu]at1on

ES : . _ I3
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,modu1at1on of Impatt d1odes that are not ful]y understood( 7)

PR
.'/“
\z

changes the e]ectron1c impedance of the dJode and hence the frequency ‘

of the R.F. osc111at1ons When the comp]ex e]ectron1c 1mpedance of the
diode changes, both the reat and 1mag1nary parts-change, which con- -
tr1butes to both amplitude and frequency changes in the R F. oscillations.
Consequent]y, some d1stort.on from amp11tude—frequency conversion can

be expected. This, coup1ed w1th other character1st1cs ot the FM

\
\
\\
N

hY

necess1tates a better understand1ng of the Impatt d10de s e]ectron1c
1mpedance under transient conditions, particularly at the higher

modu]ating frequencies.

[

_ For amp1itudebmodu1ationlof the é.F. carrier(]O), the
procédure is commonlybreferred to as Amplitude Shiftheying (ASK), where
a binary system of either on or off can be used for the osc1]]ator For
this ASK system the R.T, f1e1ds have to grow in ¢ ivity,and th1s
bu11dup will depend on the circuit parameters as we]] as on the e]ectron1c
1mpedance of the diode. The diode's e]ectron1c 1mpedance is-a funct1on

of-the modu]atinggg1as voltage and also the magn1tude of the R.F. in

vthe cavity. Therefore a know]edge of the behaviour of the e]ectron1c

1mpedance under transient cond1t1ons is necessary for proper c1rcu1t '

‘des1gn. Further, the pulse lengths-may. be apprec1ab]e and the effects

of the therma] propert1es of the d1ode Junction-on the performance of

the osc1]1ator w11] become 1mportantv S1nce the diode is pu]se operated
the 1nstantaneous Junct1on temperature varies with t1me Fh1s var1at1on -
in temperature will cause both amp11tude and frequency modu]at1on

X 1)

character1st1cs( that ‘may be detr1menta1 to the system operat1on as

|
a who]e. Thereforé; the trans1°nt therma] character1st1cs of the

B



diode's junction temperature should be knowqgfor design purposes.

The discussion of Impatt diodes is usually separated into
small-and large-signal aT91ysis. “Small-signal fesd]fs predict the range
of current and frequency-in which an Impaft diode will gsqil1ate if
placed in a. proper resonaté circuit. These resu]fs also indicate the - |
>magnit&de-of-the maximum negative impedance which can be generatéd

by the diode.‘ This information is very useful during fhe initial

stages of device evaluation for osci]]ator and amplifier cifcuits{
However, small-signal anaiysis does not provide sufficient 1nformétion(]2)
~Concerm’ng maximﬁm power output,.efficiency, gaturatidn ana stébi]ity'
characteristics which are important 16 large-signal oscillator and -
amp1if{er designs. Thus, the requirement for and the name . .arge-
signal ana1ysfs The ana]yt1c solutions for steady- state sma]] s1gna] o
-ana]ys1s Ire ava1]ab1e in closed form due to the many approx1mat1ons
thaf can be made - While simplified analytic solutions for the steady-
state largé-signal case méy‘be bresented in closed form, the usual
procedure is to obtain computer solutions to less simp]ified'

describing equations. A study'of the transient behaviour of the elect-
ronic pedance of an Impatt diode w111 span the range of app11cab111ty
of bofﬁpsma11 - and 1arge~s1gna1 analysis, and 1ncorporate the time-
dependence of‘the d.c.}bias'voitdge pu]seé with the most probab]e

N

form of solution be1ng a computer model of the diode.

e presentaticn-of this work is divided into several parts.
‘Chapter II discusses the general theory of opekatfon and -the particular

device structure chosen to represent the Impatt diode. Chapter -I11

\ ¢



déscribes the mechanisms and the assumptions made in the physical

model along with the fundamental equatioqf and boundary cbnditiong

that mathematica]]y determine both the steady—staie aqd 4ransient
prob]ems;v Chaptér Iv descfibes the details of the analytical formulation
and computational technjques}used in the so]ufion‘of the time dependent
equations for. the impatt dicde. Chapter V presents the ﬁna]ytica] and
ei%erimenta] investigation of thélzransient'heat f]oQ in the diode's
_Jjunction. Chapter VI-covers thé experimental techniques developed for -
the measurement of the electronic impedance of the Impatt diode
under. transient conditions. Chapter VII provides a combarison of the
computational model and tue experihénta] resu]ts.' Chapter VIII
presents a discussion and conC]usioné drawn from the‘resul%s*giqfhjs

study.



CHAPTER TI

IMPATT DIUDES
~ When aléemiconductorvp4n junctibn is‘reverse-biased, a
<gspacef%hafge'region is formed that is depleted of mobile carriérs and . \
only a small reverse saFuration current flows.- When the reVerse biés ' ‘J///
voltage 4s increased until it exceeds a critical value, the juqction
breaks down and a large current will then flow for only a small incfgase
in bias‘y91tage. This Targe current i'.the result of avalanche
breakdown, when internal secondary emmission ta;ses a multiplication
of electrons and‘holés in the ‘depletion region ogvthe junction,
The critical level of reverse bias voltage, at whichbthevmu]tfplicgtion
begins,is referréd to as ‘the breakdown vo]tage. The p-n junction, in
" the avalanche breakdown condition, may exhibit a negative-resistance
character1st1c in the microwave frequency range. A diode (p-q  5
' Junct1on) with negative- res1stance term1na1 character1st1cs, has the
caﬁabi]ity of converting d.c. energy to R.F. energy and thus an R.F.

voltage present:acrdés the diode will grow in amplitude until Timited

by ¢ircuit and diode losses.

Avalanche diodes can bevdésignéd and opérated in various
_ . modes. " The first and most important mode(]3)is'the IMPATT mode.
(lmgagt 1onizationrﬁyd1anche‘and Ifansit Ijmé).‘ This_mode producés }ts
J‘negative—resistahce terminal characteristics by hdvinghthewEé???é¥'A o
density 1ag‘the applied eTectfic field by‘mdquthan 90°,‘which'is also

the phase 'ifferhce between the fundamental R.F. component of the

diode's e ternal current and the R.F. voltage across the diode.



241 Basic Principles of Operation

The more common materials used in the fabrication of»ava]anche"
. \ . ':" 3
nium and Gallium Arsenide Due to the basic

diodes are Silico
phys1ca1 phenomenﬂ
-in this dev1ce aTmost any sem1conductor mater1aT can, 1n pr1nc1p1e be

emp]oyed in the construct1on of avaTanche dlodes The Impatt mode

bl

of - operat1on 1nvoTves two bas1c propert1es of carr1er transport 1n

v‘

soTst at h1gh eTectr1c f1e1ds, name]y those of avaTanche muTt1pT1cat1on

and trans1t t1me deTay ;;}f»

The brea%?own of the p n Junct1on is caused by an avaTanche
v s

mu]t1pT1cat1on process 1nvoTv1ng both eTectrons and ‘holes (as opposed

to other processes such as zener breakdown and tunne11ng) when the _»°§

"f;‘eTectr1c f1er becomes suff1c1ent]y*h1gh, a ch ge carr1er (e]ectron ,

ri}for hoTe) can acqu1re suff1c1ent energy from the eTectr1c f1e1d between

:coTT151ons, to d1sTodge a bound eTectron 1nto the conduct1on band

dur1ng a coTT1s1on, thus aTso creat1ng a hole 1n the vaTence band

P

Th1s actxon 1s referred to ‘as 1mpact 1on1zat1on and occurs for magn1tudes~; :

Aiv\ of the eTectr1c field greater than about 10° V/cm (for S1T1con) The .-

,1probab111ty of th1s e]ectron hole pa1r creat1on or 10n1i§t1on\rate

”

”1s a sens1t1ve funct1on of the =Tectr1c f1e1d strength The 10n1zat1on

LI

'rate can 1ncrease ‘as much as: f1ve orders of magn1tude for an 1ncrease

-~y

in the eTectrwc f1er strength of onTy two or ‘three t1mes(14) when ‘

??*the e]ectrlc fwer changes per1od1ca]]y w1th t1me around an average

'{Z;ﬂue, the generat1on rate of carr1ers fo]]ows the f1e]d change aTmost

-

1nstantaneous]y However because the tota] generat1on of carr1ers

depends upon the number of carr1ers present the totaT number of carr1ers .
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generated does%not change 1in unison with the e¥ectric field and keeps
~.on tncreasing.after the electric field has‘bassed its peak va]ue The
_total number of carriers peaks and starts to decrease when the field
has\decreased from tne peak’to the average value. Thus, bunches of

carriers are‘formed and the a.c. variation in the number of carriers

lags the a.c. COmponent of the'e1ectric fie]d by.90°.

N o=

when the e]ectr1c field is low, the average drift ve]oc1ty
- of the carr1ers s d1rect1y proport1ona] to the e]ectr1c field and
the proport1ona11ty constant is called the 1ow f1e1d mob111ty As
the f1e?% ‘strength 1ncreases, carr1ers 1nteract more strongly - w1th
the 1att1ce so that the average dr1ft velocity fa]]s much be]ow that
-of a 11near prOJect1on from~the'low field va]ues. For e]ectr1c-f1e1d |
strengths above about 10 V/cm(for*Si]icon),the_grlft—ve%ocity't
approaches a 11m ting va}ue and becomes independent of the e]ectr1c
T f1e]d Th]s 11m1t1ng va]ue is referred to as the scatter1ng-.1m1ted
dr1ft ve]oc1ty When a bunch of carr1ers is 1nJected into a reg1on T
where the e]ectr1c field is such that ava1anche mu]t1p11cat1on does
~not occur and yet the e d is suff1c1ent1y hdgh that scatter1ng

11m1ted drift ve10c1t1es app]y, the trans1t time of the bunch w11] be .

d1rect1y proport1ona] to the w1dth of -the reg1on Thvs translt;t#memuw_;;im—h

| can be used to de]ay the co]]ect1on ‘of the bunch of carriers and thus.
1ntroduce a phase shift between the fundamental R.F. component of the
external c%rrent due to' the trans1t1ng bunch of carr1ers, ‘and- the

R.F. vo]tageﬂécross the trans1t time reg1on



The above discussion of’avaaanche'multiplication and
transit-time delay has been for 1dea] cond3t1ons / In pract1ce the
effects of space charge and non- scatter1ng 11m1ted drift ve]oc1t1es
must be taken:into account. In the region where avalanche mu1t1—
p11cat1on occurs,. the bunch of carr1ers causes the e]ectr1c field to
be depressed. Th1s'depress1on of the e]ectr1c field due to,the space
charge effect of the carr1ers,'resu1ts in tr2 f1e1d strength fa111ng
below the average va]ue before dt would norma]1y do so0} when affected
by the R.F. vo]tage alone. Thérefore, the $hase.lag of the bdhch ?F

_ ‘\carr1ers, due to the ava]anche process, is decreased and will be 1ess
than the opt1mum 90°- w1th respect to- the R.F. vo]tage Th14rspace -“;
- charge effect w11] increase with 1ncreas1ng magn1tude of the bunch of
 carriers. Wi en the e]ectr1c f1e1d in the trans1t time region fa]]s
| below that requ1red to ma1nta1n scatter1ng -limited values of drift
velocity, the dr1ft ve]oc1ty becomes dependent on the magn1tu%%¥$f the
electric field. When this occurs, d1e1ectr1c re]axat1on tends |

smooth out the carr1er_bunch1ng This "debunching" reduces the magn1tude

"of the current externa] to the trans1t time reg1on and hence reduces

\
\

the power output ‘\\

Generally,wlmpatt;déedesweons+st of—an avatanche region,

where carr1er mu1t1p11cat1on occurs, appended to a transit- t1me (drift)
region’ where carrier mu1t1p11cat1on does not occur and the drift
velotity of the carriers is assumed to be scatter1ng 11m1ted In

the ava]anch‘ ’ Zon holes and. e]ectrons are produced in practlcal]y

equal numbers and - s1nce the mu1t1p]1cat1on is very sens1t1ve to the

/

- magnitude of the e]ectr1c f1e]d, it is here that. the carrier transport



current is modulated by the R.F.-ftetd. -The-contribution 6t~the S
, ava]ahche,process to the phase difference between the diode's e+ rnal
conduction current and the R.F. voltage across the diode wii] -
sdmething less than 30° due to the space charge effects of ;he.bunCheg

of carriers. As these bunches of carriers ”drift" across e transit-

.

-time regipn the phase difference added to that of the ava anche

process is approx1mate1y equa] to one- ha]f the trans1t time. The o

_working reg1on of the d1ode conSists of both the ava]anche'and=dr1ft

N
Ny

regions, with the tota] de]ay in the conduct1on current be1ng the sum

) r

~ of the ava]anche afd trans1t t1me processes

; v

2.2 Types of‘Impatt Diodes ol 4"" s K?f

ﬁ_k” o The bas1c members. of the Impatt d1ode fam11y(]4)are the Read
ﬁd1ode, one«s1ded abrupt p~n Junct1on, Tinearly- gr/ded p-n junctlon and
~the p-i-n d1ode On]y\the Read d1ode and th { one- s1ded abrupt p-n Junct1on
are of interest for tn1s work. The Relad diode is of 1nterest b-

it is a ,onven1ent structure for ana]yt1ca1 purposes and contr1butes

to an understand1ng of the dynam1c operat1ng character1st1cs of the
‘Impatt diode. The one¢s1ded.abrupt p-n Jjunttion is of 1nterest because.
:’13;15‘theptype of Impatt diode that is mpst comme 1y manufaétured and
“alse is the"type which will be used in the experimental portion of this
work. . The,1dnégr]y-graded p:n junctiongand the‘p-i;n diode are not of
direct 1nterest for th1s work and have only, been included here for

comp]eteness

_Fig. 2.1 shows the doping profile, electric f1e1d/d:;;2ibution

and ionization 1ntegrand, at the breakdOwn-conditioh, for an idealized

A

E
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~ Read diode.(p+n vn' oor its dual n"p ). The corresponding a.c.
. voltage and current weveforms are shpwn in Fig. 2.21' For the Read_
, model, all Of‘the ava¥anche proceEs is confined to the n region. of
the p+n § nt diode (in the dual model'— the p region) where the actual ’
avalanche region is defined by the’1qnization’integhaﬁd. It s
assumed that this avalanche region is sufticient]y narrow that its
transit time is a negligible portion»oann R.F. cycle. The diode is .
‘designed euch‘thét'thezelectric-fﬁe1a in Ihe drift region (the
‘ intrtnsic region) is sufficiently high to ensure that the carriets
travel at their scattering limited drift ve]ocities. In Fie. 2.2,
the idealized a.c. operatioh df the diode‘is depicted. The a.c.
comenenthof the electric field (Ea.c.) moduiatee the ionjzation
rates for the carriefs to form a pﬂ]se of carriers in the avalanche
k region. As this pulse of carriers is formed_theespace.charge effect of
the carriers {aE) also fncreeses and, in practiee, the peak_ofmthe pulse
of carriers will occur before the electric field has,geturned.from its
»peak‘to its averdge'va1ue Thus, the phase shift in the avelanche region. -
- will be§h9mewhat Tess than the 90° shown 1in F1g 2.2. After thempulse of
carriers has been formed,. it travels across the trans1t tlme region at
the scattering ]1m1ted drift velocity. For the duration of this transit
time, of the pu{;e of eerriersg a steedy current f]dwsvin the‘externél
- circuit (Iex). Once thehpuTseeef carriers reaches the éo11ecting

term1na1 of the drift reg1on the e]ectr1c f]e]d in the avalanche region .

rises above the average value and the whole process repeats itself.

As shown in F1g 2.2, the fundamenta] R.F. component of the external '

current is de]ayed with respect to the R. F voltage by the phase lag
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. o
Jinherent in the avalanche process plus the phase lag of one-half .the

o transit-time of the drift region. In this manner the ncjative-

“resistance termina] characteristics of the Read diode are formed.

‘in Fig. 2.3, the doping profile, electric field distributjén
and ionization integrand for the break ‘wn conuition of an idealized
cne-sided abrupt p-n junctidn ere given. The gradient of the electric
field is sufficiently steep that the ionization integrand and hence
_the.width‘of the ava]anche region are localized near one end of the
dep]etion?region. Therefore, the total depletion region can be
divided into separate avalanche and drift regions, with'the analysis
_being carried out in a simi]ér manner te that of the Read diode. A
prominent d1st1nct1on that occurs between these two types: of Impatt
diode is in the length of the drift reg1on For the-f1e]d in the
drift region to be sufficient]y high to ensure that)the carriers'treye1
at their scatter1ng 11m1ted velocities, the drift region may not be
long enough to g1ve a full 90° phase lag (at the m1chWave frequency in
use) as in the Read mqge}. ‘Also, any portion of the drift region
where the drift vé]ocif& falls bé]ow itsbscattering-limited value will
contributé;a debunching effect to thé pulse of carriers,vwith a
corresponding decrease in the magnitude of the external current fhere-
fore the one-sided abrupt p-n junction will be less efficient than
| the Read dioue. However{\zne one-sided abrupt.p-n junction is morev

readily manufactured and therefore has a distinct practical advantage'
) v , .

over 'its Read model counterpart.
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2.3 Fabrication of Impatt Diodes(1%)

-

As mentioned previous]y in Section 2.2, the more common
materials for the fabrication of Impatt d1odes are S111con Germanium
and Ga111um Arsen1de The material parameters such as 1onTzatiQn,rate,

dielectric constant and thermal conductivity will alter the

. characteristics of the Impatt diode whehréonstructed'from different

‘materials. Germanium has the highest ionization rate and therefore the

1owest breakdown f1e1d This is an advantage because it reduces the
necessary input power for Impaft ﬂoera+’on The 1on1zat1on rates for
Gallium Arsenide and S111con are about the same. Germanium has the]
largest dielectric constant and wi11 have Tower 1mpedance 1evefs and
a]so‘hfgher bias cuﬁrents, SO thfs 15 a disadvantage. Si]jcon and

Gallium Arsenide have similar die]ectric.cqﬁétants. The thermal

‘_tonductivity of Germaniuﬁ is only about 30% that of Silicon, with

Ga111um Arsenide having a Tower value of thermal conductivity than

Germanium. Because of the relatively high values of reverse bias

voltage required for"Impatt diode operation, an appreciab]e amount of

heat is generated {n the p-n junetion and a high value of thermal
conductivity is advantageous. The technology for mater1a1 preparat1on

and processing is more highly developed for Silicon and th1s, a]ong with

its h1gh thermal conduct1v1ty, make Silicon the most common]y used

material for’ the fabr1cat1on of Impatt diodes.

' Fabficating a Read mode] of the Impatt\diode'is more difficult
than fabricating‘a one-sided abrupt p-n junction model. 1In the .

formation of'thg Read diode, using a p+nv ‘n+ as an example, a double
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diffusion technique is required whereva ]ow~concentration of donors

is diffused deeply and then a shallow aiffusion of a high concentrétibn
of acceptors is carried 'out.. This is not the only technique for tﬁe
fabrication .of Read diodes butiis a typical illustration of the
complexities invplved. In the fabrication of abrupt p—n;junctidns

oﬁ]y a single di%%usion is necesséfy,name]y thatuof a shallow diffusion
of a high concehtration\of accep%ors. .However, care must pe taken

thdat the junction depth ( n region) is less than the space;chérge

(depletion) region for the breakdown vo]tagé associated with the doping

“ concentration of the n region. Otherwise, part of the high resistivity

- voltage increases and the ionization rates decrease. Under conditions

»

“-region will not be swept clear of mobile carriers when the reverse

fias voTEé@é\hag\reached the

breakdown 1evé§ and also w11T.have a
~ 2 e L

- magnitude of electric field that will be too low to maintain scattering

lTimited drift velocities. 1In theory, the Read diode éhou]p be more

efficient than the one-sided abrupt p-n" junction however, according

to the results reported in the 11terature,(]5) after fabrication, the

i

abrupt junction diodes may outperform their Read diode counterparts.  .

In avalanche dio&es, the d.c. power which is not‘converted
to microwave power, generates heat fn the high field region near the

junction. As the junction temperature increases, the breakdown 4

-of uniform current density, the center of the junction area will be

hottest and the temperature dependénce of the ionization rates and
breakdown voltage will tend to decrease the cu?rent density in-the

diode'scentral area. Thus, the temperature distribution across :the

~diode junction is more uniform but the current distribution will be nbn

-
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uniform and tend to concentrate near the outer regions of the junction
area. It is therefore advantagéous to design the diode wifh the
junction near the semiconductor surface and to méunt the diode wi@h
this semiconductof surface in contact with a low therma1‘fesisféhce '

. path to the heat sink.

il
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CHAPTER 111
PHYSICAL AND MATHEMATICAL MODEL

3.1 Physica] Model

The work reported here is concerned with the behavioor of
Impatt diodes..- The characteristics of thevsemiconductor material and
~the formation of the p-n junction are of 1nterest in so far as they affect
the operation of the Impatt diode. Some of the physical charactertstics
of semiconductors that mey be of 1nterest and the,assumptions made, will

now ‘be discussed.

&

- ) . \‘.
3.1.1 Carrier Recombination(]6) R

Under conditions of thermal equilibriun, carrier generation is.
balanced by carrier recombination. bwhen thermal.equilibrium“is disturbed,
the mechanisms tnat'restore equtlibrium are the’drift and diffusion of
~carriers into and out of the region, along with recombination. The Tlower
Timit of the ]1fet1me of m1nor1ty carrters in s111con(]4) is of the order'of
10-8 seconds. The transit time of the carriers in Impatt diodes 1is- of the
~ order of 10 -10- seconds, for d1odes designed to funct1on below 10GHz.. There-
fore, a]though the Impatt diodes may operate wwth high current dens1t1es,

recomBHnat1on should be of small- 1mportance and will. .be ‘assumed to be

negligible for purposes of this study.

- 3.1.2 Surface Boundary 'COndit_ions(]-u)

L In this analysis, it is assumed that thermal equilibrium prevails
. ',.’r(;;
- at th&}coé%acts, so that the carrier density at the contacts is constant

and equal to 1t39therma1 equ111br1um value at all voltages of interest.

14
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A{onq with the condition for thermal equ111br1um, it 1s also assumed that
. charqe neutral1ty prevails at the contacts. These two assumptions are
qenera]]y reqarded as- the bas1s for having ohm1c contacts Sore retombtnation
may also oecun at the surfaces‘but this is assumed tp be negligible in
this study. | | | |

(16)

3.1.3 Deqeneracy

For purposes of ‘this study; Bo]timanfs transport“équation and
Boltzman statistica.aré assqmed to be valid. These assumptions simplify
the mathematica] analysis as chanées in transpnrt'phenomena can be‘dérived
from Boltzman's transpdrt'equation and’the‘Validity of Einstein's relation

can be assumed. As discussed by Shock]ey(]8)

, th& difference between Fermi
and Boltzman's statistics is neg]igib1e whenlthe'predictéd carriér
concentratinns are small compared to the-etfective number of states in

the conduction and va]ence bands. For S111con, Bo]tzman statistics are

valid-up to carrier-densities of 1018 -3 (]6)

which is much higher than the
norma] doping levels in Impatt diodes. Therefore, the assumption of a -

non-degenerate semiconductor will be made.

3.1.4 Carrier Mobi]ity(]6’]9

Thé:mqbi11ty of e]ectrons and holes is determined by the type
of dominant“scattering. The’tWO most significant fqrmsAot scattering are
those cauéed,bylionized impurities and tnose caused by’mechanica]”vibrations
af the crysta1. Scattering by 1on1zed impurities is coulomb scatter1ng and
is most effective at low ve]oc1t1es, while mechan1ca1 v1brat1oﬂ% ‘cause.

acoustic and optical phonon scattering. "For high elec¢r1c fields (~70 v/tm),‘

N
/
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which is the norma1 operating.range»for Impatt diodes, the carriers'
gain apprectab]e‘energy from the electric field. As the fte1d'increases,
the- average energy of the carriers a1so 1ncreases, and they acquire an
effect1ve t werature which is higher than the lattice temperature

These h1gh ¢ .ctric fields heat the carriers at a sufficient rate. that
the mobi]jty,decrEasesvin proportion to the rate of increase in the
electric field, .causing the carrier drift'velocity to becomevscattering
limited. ) |

\ o -
13.1.5 Microp]asmas(]5=20,21)b

As a result of defects in the crystal structure of the semi-.
conductor, small areas are formed that behave as a gaseous p]asma These
phenomena are often referred to as m1crop]asmas When the Impatt d1odes are

reverse-biased, these m1crop]asma areas reach the avalanche cond1t1on~at
an applied vo]taqe that is a few volts Tower than the remainder of the
junction. The resulting ava]anche breakdown starts at several 1ocations
in the- junction and gradua]]y’spread§§§nith increasing vo]tage; untt] the
whole junction avaTanches This gridual and somewhat unpred1ctahﬂe start

of avalanche breakdown can be avo1ded by b1as1ng ‘the Impatt diode, such

that a steady d.c. current of one m1111ampere is ma1nta1ned in the d1ode
b

3.2 Va11d1ty of One- D1mensmona] Ana]ys1s ' : _

In the use of more than one-dimensional ana]ysis, a]]’the physical
‘parameters for.a_particu1ar diode would be required and the compTexity |
of the desCribing equations would be great]yjinCreased‘ The Impatt diodes
available for this work are not adequate1y characterwzed to warrant the. ///—’

great]y increased ~ffort and expense requ1red to carry out-an aﬁ@]ys1s

1n more than one-d*mension.
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Further, the phys1ca1 construct1on of the Impatt diades tends-

to accentuate @ne'd1m%hs1ona1 behav1our In a typical, Tow power, Impatt'

L gy A

diode, the cvoss~ ept1ona1 area is about 10 4 2 and the 1ehgth of+the

~activity reg1on 1353,5 microns (for osc1J1at1ons aroundv7'GH25. This

results in a diameter to 1ength?ratio of around 30:1. Since it is assumed

that avalanche multiplication occurs uniformly over the cross-sectional

| area, the carriers will travel mainly directly through the diode Only

under very h1gh current densities, where carrier mutual repu1s1on and non-

un1form1ty of temperature become apprec1ab1e will the Tlateral spread of

 carriers be s1qn1f1cant The Impatt diode may be operated at high cdrrent

B

dens1t1es and some inaccuracy W111 be 1nhere t in the use of one- d1mens1on 1

ana]ys1s, hopever this should be a small effect“ Therefore, one-dimensioiial

o

analysis will be used throughout th1s work.

[

3.3 Mathematical WModeT - S _ \ . | (
L i

Hav1ng made the prevuous s1mp11fy1ng assumpt1ons for the phys1ca1

wo

processes occurr1ng 1ns1de the dev1ce, the next step is to obta1n math-:

emat1ca1 equat1ons wh1ch w111 modeT the phys1ca1 behaviour of the device.

.

These mathemat1ca1 equat1ons wiTl be written in one- d1mens1ona1 form.

3.3.1 Fundamenta] Mathemética] Equations(]6?' ' ]

.The current eouationS'

These equat}ons are somet1mes referred to as charge transport '
equat1ons, as they are der1ved from the Bo1tzman transport

_ equation under the assumpt1on of valid Boltzman statistics. The

N
~ 2

.equat1ons re]ate the e]ectron and hole conduct1on currents to

g
7
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their dr1ft and d1ffus1on parts and are given as: g
ERERS I BE(x,t) n(xtha + )k 206t ()
sp(x:t) E0,) Plxst)q - b (s e)kr BULED ()

N

Jp(x,t)

I

J;(t) =3 (x,t) + I5(x,t) - ' ' - BRED

<

The current Continuity equatione::

The equations are statements of’ conservatIOn of electric charge

-

and for this case are wr1t as follows: .,
o 3:J (x,t) - '
3 n(x,t -1 n'"? ' v _ .
T et Got) LT
| 50 (xt) N
. . X,‘ . . o -~ ‘
ARl LT ey L ()

&here'G (x,t) is the net rate of generat1on of ho]e e]ectron
pairs due to ava1anche mu]t1BH1cat1on (recomb1nat1qn has beenk
assumed to be neg]igib]e) - o
-The total cu;}ent eqUation?

The tota] current is expressed as the 'sum of»éhe e]ectron and

~
,,ho1e carrier currents p1us the d1sp1acement current and is

€q1ven as, ‘ , e

[
+
—~
(—,-
S
I
(o
_
=
(—,.
N
-+
[
—
x
(—f.
N
+
™
@
3
m
x
4
t
V=
@a
S
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’ Pg?sson's‘equation:

Thisvequation'relgfeé the-divergence of the e]ecfric,fie]d toﬁ

. the spacial charge density and can be written in one-dimensjomat
M . s ) R . ) [

2 ;

form as X
o ,t _ 'ai ’ |
SELGEL -G i) = on(x) + NG(x) - Ny (0] (7)
X , £ o D A
‘ §upp1emeﬁtary equations: ‘ " :
; . 7N

~

" ©The carrier g%@ération‘ratea407is {éfinéd'as,
Vi : ) s
~/ ;

v(xst) px,t)  (8)

v n
o] M

e

n

G(x,%) = a (E)i&n(x,t) ﬁ(x;ﬁ)-+ ap(E) D

where the iorization rates(]g :have ‘the form ‘

o, p(E);= Aexp (- ( %-)m ) A, b; m are constants

O S

These equations are highly nontinear and tq arrive at an analytical
solution, several simplifying assumptions‘HaVe to be made, which may limit
o ‘ v .

the range of‘applicabi1ity of the resulting solution. Even when using a

.digital computer to solve the equations numerically,it is advantageous to"

make ‘many of these approximatibns, because of limitdtions on computer

memory and to avoid excessively.large amounts of computation time.

Since this study is concerhed with ﬁransient'response, which

i |

implies solving the equations for a time interval comprising a largde number

of R.F. cycles, to use a‘minimum number of approximations may be im-

'praqt5ca1. ,fherefore,ma balance was reached between the amount of simpiific-

/.
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Is

1

ation of the equations and the cost expended, to obtain-a solution

syfficieht]y versatile to produce significant resuTts.

P

3.3.2 Development of ‘Conduction Current Equation

The basic equations given earlier, can be simplified with
véry 1itt1e'10§s in accuracy by maging the following aésumptiongz
-. the dfiftlcurrent 1s'many times greater than the diffusion
;current4so that the diffusion current can be neglected.
- the é]éctric fie]d.is f*fficient1y‘high that the carrier
velocities are approximately constant, at theif scatteriﬁg
Timited values.

- carrier generation is confined to the avalanche region.

wfth.these?aSSumptions,lthe basic equationSVfor the avalanche region

‘become, ' ’ /
Jn(x,t) =V, q n(x,?)' Jp’ ,t) = vp'q 'X,t) (1)
I (] =9 (x,t) 4 3 (x,t) (2)
s n(x,t) 1 2 Jn(x’t) : c
3t T q 3 X * o‘n(E) n n(x,t) +
GRALIERS (3) -
3 p(x,t) 'i i JQ(*’t)
T -5 .73 x + an(E) v, n(x,t) +
a (E) v p(x,t) (4)

s
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Upon mh1tip1y1ng Egs. (3) and (4) by g vh and g vp respectively, the

result js
3 Jn(x,t) 3 J_(x,t) o .
St = Vn T + Vnan(E) Jn()(,t) + Vnap(f) Jp(X,t) (5)
3 J (x,t) 3.J (x,t)
5t STV T X + Voo (E) 3 0t) + v (E) 9p(xat) - (6)

Then,adding Eas. (5) and (6) and using Fq. (2), the following result is

obtéined:
2 Jd (t) T8 (xst) 3 J_(x,t)
—c - R L S
5t . 'n 3x_ Vb 7o x f (Vn+vp)[an(E)Jn(x’t) *
V ' . . - :
S TRERY) R | (7)

Cffﬁ more meaning’ ~ expression can be. obtained by adding and subtraéting

the quantity (vn+vp)an(E) Jp(x,t) in Eq. (7) to give

“ad (t) s d (x.t) o 3 d (x,t) |
__?;%?—_ =Yy f—Tf%f”—;_ ~ Y _“Efgf———— * (Vn+vp) [un(E) Jc(t) *
(o (E) - wp(E)) Jp(x,t)] . o | (8)

A1ternaté1y;.by adding and subtracting (Vh+vp) ap(E) Jn(x,t) in Eq. 7)

- the result. is
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2 d () 9 d (x,1) 3.0 _(x,t)
< . _n oy P
ot n T3 x p 3 X * V +v [a (E c (t) + .
(o (E) = a (E)) 9, (6,1)] (9)
' X
The spat1a1 dependence =qs. (8) and (9) can be removed by ;.

1ntegrat1n§/;hé*e equat1ons acrL>< he ava1anehe region;'with°%he+following

: resu]ts.
a?dg(t)/ - *a o *Xa
a 3t [vn Jn(x’ v ll(x ] F (v +v ) U (t)~/[ n(E)dx +
. e .
v_+y )~/ o ) Jp(x,t)dx ‘ (10) ’
\.;) -
N x >
a:J,(t *a a Y
Xy T [v_J( ) - vp Jp(x t)g + (vn+vp) J (t)~/~ (E)dx +
Xa | . -
(v +v_) J'(an(g) - (E)) 9, (x,t)dx (11)

'Applying Eq. (10) to the p n Junct1on ard using’ the boundary cond1t1onsbr

for the carrier currents given in F1g 3 1 the f1rst.term on, the. right

I
~hand side of Eq 10) becomes

a , S ‘ . o

[Yan(x,t) - VpJp(X’t)g = [VHKJC(F?,- Jps)‘— vaS] -‘[Vans'T Vp(Jc(t)"
. | A | ;;§>
Jpg)l = Svnfvp) Jc(t)A— (vytvy) J. (12)

S.
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FIG. 3.7 BOUNDARY. CONDITIONS FOR CARRIER CURRENTS IN THE
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where the relation JS = Jns + Jps has been used.
Similarly, when Eq. (11) is applied to the n+p junction, whose boundary
conditions are also given in Fig. 3.1, the first term on the right hand

side of Eq. (17) becomes the same-as that expressed in Eq. (12).

o Using the above results, and after some rearranging of terms,

" the equations become

.

. .‘X
5 J.(t) vty : o
5t ( X, ) Jc(t) ( a (E) dx - 1) + ( Xa ) I+
N X3 ° .
v_+y A
n 'p e
( X ) Uj‘(a (E) - « (E)) Jﬁuﬁﬁgqx (13)
3 Jc(t) v v Xa v oty
s X ) 9.(8) ( f-ay(E) dx - 1) (_XZJJ_)J .
0 e
v _+v Fa
( X ) d/ﬁ(an(E) - ap(E)) Jn(X,t)dX (14)
a -

~ where Eq. (13) applies to the p+n_junctions and Eq.(]4) to the n+p junctions:'

Th@se equat1ons “can be great]y s1mp11f1ed 1f the assumpt1on is
made that « (E) é_ap(E). This resu1ts in both equat1ons being identical
as the 1ast term on the richt hand S1de of the equat1ons vanishes. Once
this assumpt1on is made, all d1st1nct]pn between d1fferent types of junctions
and seﬁiconductor mdteria]s is lost, Since 1thhas .been shoWh that(there
is a s1gn1f1cant difference between the behav1our of n p and p n Junct1ons(22)

and that-1n general, the ionization rates for ho]es and e]ectrons are not
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d"‘g\

equa1(]4l this éssumption Will not be made and the last term on the right

hand side of Eas. (13) and (14) will be retained.

IS ‘1; N

3.3.3 Constant Electric Field Model '

. In their present form, Eqs. (13) and (14} of the prévioﬁs sub-
section are not readily solvable, due to the preseéce of'térms invo1vingé
the integration with fespect to the spatial variable (x). One method of
eliminating these.spatia1 integration terms is to assume a constant

electric field all across the avalanche region. Then, the ionization, rates

ar~ constant and the spatial dependence of the current densities Jn(x,t)

‘ and_Jp(x,t) can be taken from the d.c. analysis given by M011(]6l
~ From Mo11, the current distributions are given as
J, (%) X ' x X
o = onnl [ (g () - (@] [ay() el - [ (oy(6) -
d.c. S ‘p,
oy 0
ap(E))dx“]dx‘ . , ' : (1)
J (x) J_(x
_Ef_z. =7 - _Dﬁ_l (2)
J J ¢
d.c. d-.c.
' o o .
forapn Junct1on and as ’ »
) XI,
= exp[J )dx' ] f ) exp[ -j(a (E) -
. d c. P
0 )
'an(E))de]dx' . ' - (3)
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J J( C
Jn(><) R x) | ()

for the n+p junction. The term Jd c is actually the instantaneous value

of the conduction current density, Jc(t); for the constant electric field
! IC _

assumption, and using 'this assumption the current distribution equations

reduqe to )

J ;

J_(x) o (E) . ‘ )

n = p :

Jc(tg = ap(E)_an(ES’ [1 i.eXD((Gn(E) - ?PSE))X)] | = (5)
- for a p+n junction and to .

J (x) a (E) | T B _ _

T a:(E)_ap(E) [ = exp(=(an(E) - ag(E))x)] (6)

for a:n+p junction. Substituting Eqs. (5) and (6) into Eqs. (2) and (4)

respectively, these equations become e ' : i

J (2). o =ag(E) + aé(E) exp( (e, B | T ‘(7
, jETET o o (E) - ap(ﬂ) ’ . h( )

+ G-
for a p.n junction and

Eﬂ%é%_z ] OLp(E)-Jr‘ an(f} exp(-(a (E) - “p(E))x)\ _ . »
JC t) . : an(E) - qp(E) ‘

+ . .
foranp Junction.
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When Egs. (7) and (8) are substituted into Eqs. (13) and (14)

(subsection 3.3.2) respectively, and the’fntegration with respect to the
spatial variable carried out, the differential equations which describe

the conduction current in the avalanche region become:

BJ-(t) vV +v qp o
5t = ( xa ) {Jc(t) i O‘n(E) ~ ap(E) b‘—]. ]+JS } @
; - (9)
/
and /
\aJ (t): v)+v o a (E){1~exb[-(a (E)—Q (E))x. 1}
atC, i 2a ") LJC(t)'['eh_' o (E) - Zp(E) : — ]+Js }
| (10)

1

for p'n and n'p junctions, respéctive}y.y : : }

éf#.—?"!.

o

The coefficient of the,JC(t) term has to obey the criterion for

breakdown in ava]anche diodes, which is given asﬂs)

W : W

| J[ an(Ei exp[ f'\/[ (an(F)'-ifp(E)) dx' ] dx .= 1 | (11)
X ' .

)
for pfn junctions and (W s width of depletion layer)
0 D

. a (E) exp[ - (e (E) - o

, (€)) dx' ] dx = 1 12)

p n . N . .
0~ ] '

+ L : : . . .
for n p junctions. Under the constant electric field assumption both of

these equations reduce to
i

V-
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’ . ’ O‘n(E)
Pl (0) - (€)1 = gy
or 3
1 Vdn(E) ‘4 :
*a T % EV-o (E) - Q'n ( o (E) ) o ) (13)

A oy

where Xg is the equivalent width of the avalanche reg1on for the onstant*

a Y

fie]d'model. When the electric f1e1d across the avalanche. region is ¥

-

of such magn1tude and polarity that the sen1conductor«3unct1on is just
beg1nn1ng to exper1ence s1gn1f1cant carrier mu1t1p11cat1on, (i.e. the
of the J (t) term

e l@p\
-qua] to zZero

breakdOWn condition has been reached\9 thq%gqeff1c1en§v

in Egs. (9) and (10) is zero. Setting th1s

results in the same relationship as given in Eq:’(TB) and Eqs (9) and

(10) are consistent with the criterion for breakdown-1n ava]anche diodes.

Pl

13.3.4 Simplified corduction current di.tribution

Egs. (9) and (10), ot the,previous sub-section, contain a
1arge number of exponential terms, as the ionization rates are themselves
exponentia] expressions. This makes normalization very difficult and can
lead to instabilities in the numer1ca1 calculations. It would be advantagous
if a]ternate express1ons for Eqs. (7) and-( ) sub—sectfon 3.3. 3, could
be found, which would eliminate the exponent1a1 terms in the current

den51ty equat1ons

A]ternate express1ons for the carr1er current dens1t1es can be
foapd wh1ch are free of exponent1a1 terms, by cons1der1ng the d C. current
d1str1but1on (]6)1n,the sem1conductor Junct1on , These d1str1but1ons are

-“shown in F1g 3.2 a]ong with an a]ternate representation that has essent1a11y

.
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the same behaviour. Since the ”p+“ part of the junction has a dop1ng

-3

level of about 1O]9cm wh11e the "n" part of the junction has a dop1ng

level of about 1016 cm-3, the magn1tude of Jp( ) is much greater than
that of J (O). (Fig. 3.2). Thus, the re]at1on for the:reverse saturat1on

current dens1ty (J ) can be written as,

,/

157 Ing * 9pg = 9,000 4 3,(x,) = 9 (x) S

and the a]ternate representat1on shown in. F1g 3. 2 is valid.

';%E A further approximation, which leads to very 11tt1e error, is

&t J be zerdﬁhn the a]ternate representation shown in Fig. 3.2. The

magnitude of J_ is of the“order of 107 %m™? for Silicon and 107 cn™2 for
Germanium, which is much Tess than the typica1 magnitude of Tozcm'2 for

Jn(xa)(]4). Further, as will be shown in. the discussion of ‘the exper1ments,

when the Impatt diode is operated w1th .repetitive-pulse- type bias. modu]at1on,‘
a d.c. current of 1 ma 1s requ1red to ensure stable operat1on -This

reduces the 1mportance of the reverse saturation current.
The d c. current d1str1but1on for the p n and n p Junctions,

‘under the constant f1e1d assumpt1on, can be calculated from Eqs (5), (6),
(7) and (8) of sub-section 3.3.3. Us1ng the prev1ous1y d1scussed
5

assumption of J equa] Zero, these current d1str1but1ons are -as shown in

Fig. 3.3. By employing the boundary conditions

35(0) = 3 (t) 3 Tplxal ) = 9 (8)/2 5 9 (x J=00 (2

the current d1str1but1on for the p n junction can be emp1r1ca11y expressed

in the conven1ent form:
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. ~ 1.,5 x\b b_ |
ngfy =1-3 (\zg— )" where §7=2 , - (3)

Similarly, the current‘distribution for the n+p junction can be
€ - _

\\ empirically expressed as - .

J x) . . | .
3E§;7' =1 - %7 (=) where”cd=2' o : (4)

C . . a -

Substituting Eqs.ﬂ(§) and (4) intu the conduction'current

r .relations, Fas . (13) and’(14) sub-section 3?3.2, and carrying out the

spatial ir*~graton, yields the fo]]owing results:

3 J (t) v.+v . : .
—._____._.C = n N . -°1___ _b_____ _]__ L
FE— = (52 ) 00 LB Car e ey By - g
.\ o (5)
for the p'n junction and
20 (1) v | 3 |
A od 1, -
Y ( X, ) {9.(t) Xq [ o (E) ( T )t “p(;) ( rranll
: H
-] . . . 0 ‘
x 1431 . o . ®
for the,n+p junétion. ' ™ O

g These latest equations are much simpler than the more-exact
versions given earlier, Eﬁsw (9) and_(10)'sub-section,333:3, particularly so

when the terms Xy aﬁ(E) and X4 ap(E),are expanded in a Taylor series. as

powers of the e]ectfic field (E[J

o '



3.3.5 Validity of tr"{e Model - ‘

1 n .
S e
An apprec1at1on of how valid the approx1mat1on51ead1nq‘fo
,if_‘!
Eqs. (5) and (6), sub- section 3 3.4, are,’can be gained by compar1ng the

\

| static behav1our of these equations with the more detailed ana1ys1s of

Schroeder and Haddad 22} They solved Eqs. (1), (2), (3), czas ( ) and

!.) sub-section 3.3.3, to give the spat1a1 dependence.. Qf/

dn(x) for both p n and n p abrupt junctions. In-their a;
i

abrupt junction Impatt d1ode, they assumed a tr1angu]a( ¥ pnesentation for
the electric field across the junction. This is notl ent1re1y accurate, but
should give just as valid resu1ts as the constant field assumption used

to arrivefat'the equations derived here. The more exact ana]ys1s<22)g1ves

an avalanche reg1on w1dth ‘that is about twice as’ 1arge for ‘the p n Junct1on

as for the n' p 3unct1on.

' Under the constant field assumption, the ‘relation governing the
equivalent width of the avalanche region, Eq. (13) sub-section 3.3.3, is
the same for both p+n and n+p Junctions. 'Howéver, if Eds;»(s) and (6) sub-

~ section 3.3.3, are solved for the position in.tne avalanche region where

these‘posifionS‘(x ) are found to be

: a (E)+a (E)
% = Tﬁ‘

for the p n Junct1on and

N



.40

L 24, (E) _—
% T e ) E'+ap 7)) 2

for n+p junctions With reference to F1q 3.3 and Eq (13) sub-section
©'3.3:3, the fo11ow1ng ratios hold,

o o1 (B (E) s e (E) o
lgg = g ( > %ﬁ) ) / an ( aﬂfy) | (3)
for p+n janctions and
« . 2a(E) a, (E) =
;2_ - %_- i &;YES;E“TE) ) / o | afYES'): (4)
3 p pr-

for nfn Jjunctions. These last relationships can be evaluated by using

data'given by Sze(]4)for the ibnization rates.of Silicon where

i (E) = 3.8x10 éxp(-1.75g166/s)'and o (E)= 2.25x107 exp(-3.26x108/F)
(5)

Usﬁng a simi]ar protedure~to that out]ined in Egs. (1) tov(4){
values of x3/4/x and XQ/]O/X may be ca1cu1ated . This information, along
w1th other pert1nant data, is summar1zed in Tab]e 3 1, for the constant
field mode] The po1nt at which the current 1evels reach 90% of thein
‘f1na1 va]ues may be taken as the extent of the equ1va1ent ava]anche reg1on
for the mode]. Table 3.1 shows that ‘the use of the. constant field
assumption gives an avalanche region W1dfﬂ for p n junctions that is 1.54

to 1.3 times as large as that for the n+p junctiohs. This-is in general



41
CTABLE 3.1
SUMMARY OF PARAMETERS FOR CONSTANT FIELD MODEL (SILICON)
PARAMETER ELECTRIC FIELD  ( x10° V/Cm)
" 3.0 3.2 3.4 | 3.6 | 3.8
. 0.798 0.781 | 0.762 | 0.747 | 0.730
b - 3.10 2.81 | 2.56 | 2.37 | 2.20
1 0.201 0.218 | 0.236 | 0.252 | 0.270
d 0.430 0.456 | 0.481 | 0.506 | 0.530
p'n 0.916 0.907 | 0.900 | 0.892 | -0.885
X : .
3/4 |
X .
Za n'p 0.398 .0.422 | 0.452 | 0.478 [ 0.505
st £ 0.950 0.965 | 0.962 | 0.960 | 0.958
S TAT I ‘i:é .
X s AR
a + | : I .
n*p 0.616 0.650 | 0.684 | 0.7'2 | 0.737
x, (microns) 3.07 1.94 1.27 0.908 | 0.65
®n 1o
o 25.6 18.8-|13.95° [10.95 | 8.62
) N R




agreement with the previous workez) )

Prev1ous1y pub]wshed works(22 23) have produced many graphs
show1ng the pred1cted va]ues of the ava]anche reg1on w1dth dep]et1on
region w1dth and breakdown vo1tage with reference to the dop1ng 1eve1s of the

semiconductor. Unfortunately, the -actual diodes do not c]ose1y obey'thesey

~ theoretical predictions The actual diodes genera11y have a. depTet1on

region width that is Tess than the pred1cted“va1ue wh11e the ava]anche

‘ reg1on width and breakdc/n '0ltage are “ater than the pred1tted a]ue

This restricts the app” at‘11ty'of}detai]ed‘ca1cu]ations when~ana1ysing,

Impatt diodes.

The discrepar between the'actua1 diodes and"the detai]ed L
ca]cuiations is due, i :art, to the d1fference between the actua] and the

theoretical distribution of the e]ectr1c f1e1d across the diode Junct1ons

'.l‘

This can be observed by compar1ng the e]ectrlc_f1e1d,used by Scharfetter(zé) ’

which closely resembles that 1n‘an‘actoa1“diode » With those used in the

various theories - Fig. 3.4 shows a reproduct1on of the dop1ng prof11e and-

2??' The value of xa g1ven

»i

electric field distribution” used by Scharretter(

in Fig. 3.4 was ca]cu1ated by app1y1ng %he g1ven e]ectr1c f1e1d to the

jonization inteaval of Eq..(]]),JSUb—sect1on'3 3. 3 where the equation was

eva]uated to = 77 point A]so 1nc1uded in th1s F1gure are the equ1va1ent

constant field wnu tr1angu1ar representat10ns for the e]ectr1c f1e1d

These equ1vaTent f1e]d d1str1but1ons give the same vo?tage drops across the m

"\-"

ava]anche and drift regions as does the given e]ectr1c f1e1d It wou]d
appear from F1q 3. 4 that the constant f1e1d mode] is. equa]]y as va11d as -

the triangular field approx1mat1on



- ELECTRIC FIELD (x10° V/cm)

43

'..’;F‘.
I T T T T T
. L ex, —> SCHARFETTER MODEL /
4.0} -
3.64 | |
3.375 o L\ CONSTART FIELD Y
. b= ......_‘__.._‘
' N\ P honee "/
| X,=1.35m .
3.0 b !
\L:
TRIANGULAR - 1019
4f/""FIELD MODEL A
I
‘gv\\“‘TRIANGULAR x = 1.50u
41018
110!’
1.
1.0 . 1015
INE
1 "
' 14
' ' u 10
e 0 e b 2 3 4 5
o © < DISTANCE. IN MICRONS '
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From the preceeding arguments, it s éeen.that the use of the
constant field model retains a measure of the difference between p+n and
'n+p'juncfions for Impatt diodes and a]se presents an equally valid
alternative to the more commonly usee triangular fié]d representation,>as
shown in Fig. 3.4. Ferther, since detailed calculations 1nvo1ring doping
dehsities_etc., have some shortcomings when describing thevbehaviour of"
actual diodes, the flexibility inherent in the representation of the constant

field model, shown in Fig. 3.3, is very attractive.

3.3.6 Development of Electric Field Equation for Avalanche Regioh_

So far, an expression for the conduction current in the
ava]anche region haé\been formu]ated .as a function of the electric field.
It still remains to derive an expression for the electric field across the

avalanche region. This requ1red equation can be obta1ned by cons1der1ng

Poisson's equation (25)
] ) ) | |
axE X,t) _ g;. ( ND - NA + p(x,t) - n(x,t)) (1)

- b
wh1ch when rearranged and Tﬂtegﬁ%ted becomes

vi ““,‘

A X ' | ,
E(x,t) = EFL‘N/k ND -"NA ) dx + 9—— ~/~ xgﬁj - n(x,t))dx + E(o, t) (2)
‘ S
: 0

TE(x£t) =*EF(X) +  SPACE CHARGE + E(o,t)
\

where the zero value 6f‘the spatial 'variable (x) is as shown in Fi&. 3.4
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L~

, ‘ \
The term EF(x) is the e]eetrie field due to the fixed chargeé/ah;ﬁ:s
-independent of time. The space charge term is the electric fie]d due to
the conduction current, whi]e the ‘term E(o,t) is an arbitrary constant for
each interval of time. This ”constant“ term consists of a d.c. ahd an
a.c. part: the d.c. part from the bias voltage applied above breakdown
and the a.c. part from the R.F. voltage app11ed across the d1ode |
This is more readily apparent when the Eg. (2)is rearranged and ‘integrated

vto give the voltage across the diode}

B

Rewriting Eq. (2) as

2, 2

_ o ' 7
£(0,8) = E(ot) - Eg(x) - f pOt)-nlx,t))dx  (3) S
and 1ntegrat1ng acrossithe d1ode whosevdep]et1on w1dph is W, results in.
oL 7 fr, ?
a voltage re]at1onsh§gzhy : L ?¢s‘ e

E('o,t) W= V(x,t) f f f (x5 £)-n(x t).)aix' dx (4)

_where the term V(x,t), is the total vo]tage across the d1ode and consists
of the voltage drop due to the fixed charges of the {gECt1OQr the add1t1ona]
vo]tage to bias the diode above breakdown, p]u§ the R. F voltage across

* the diode Junct1on Tak1ng the a]gebra1c sum of the first two terms on the
right hand s1de of Eq. (4) y1e1ds a d.c. and an'a.c. term, with the d.c: term

'being essentially the bias voltage above breakdown. Keeang the aboye

arguments in mind, Eq. (4) is rewritten as -
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. _ W X
E(o t)—'VB+Va-C- 1] (P(x,t) - n(x,t))dx'dx  (5)
s W W -WE— _q P{X, - Nni{X, X dax
s S oY 0 :

where VB is the bias voltage above breakdown and Va c is the R.F. volt-

age across the semiconductor junction.

~Eq. (5) is of the same form as that initially derived by
Read(4), uséd in pracpica1jy all discussidns involving Impatt diodes. The
Tast term on the ffght hand side is due to the space charge of the
conduction'currentfand is usually only applied tq the drift region of the
- diode, as it is assUmed that the'ava1anche région is very narrow. The

assumption of an avalanche région of negligable width is not valid for most

26)

actual diodes as it has been shoWn,( that the avalanche region can occupy

an appreciable portion of the total deBletion region of the diode. Also,

‘ the_Qthage drop across the avalanche region is approximately % the

(242

total voltage drop across the diode Consequently, there shou]d be a

"s1gn1f1cant space charge effect from the conduct1on current 1n'the

avalanche region.

With the constant field assumption and using the-d.c. current

distributions given ear11er, it 1s possible to apply the space charqe
term, independently, to both the avalanche reg1on and the dr1ft region.

ARewr1t1ng the space.chaige term of Eq. (5) as a functfbn of current%, 1t

becomes, for the avalanche region - ' _ ) :
' X

| a . |
X ) .

SPACE CHARGE (AVAL) = - / L f( Jp(x5t) J(xst)
' . 0 s J° v




2
[ /

Making use of the current density relations given earlier in sub-section

v

3.3.4, £q. (3) and repeated here for reference purposes,

J {(x,t) - ' J (x,t) S J(x,t)
. sx b “n 7l o
63 PR L SR € B Y €

where, these relationd apply to a p+n junction. Substituting the above -

relations into Eq. (6), the result is

a ' ’
' v +v Az
SPACE CHARGE (AVAL) - L [L 1 )
X W c 2 ) Vn
(%——) ] axt dx | | (7)

a .

and after carrying out the iﬁtegrati%n'

A A

-
) e 19
E S : (8)

“which is valid fr a p+n juqétibn. For an n+p junction simply replace "b"

% :
made of the assumption that ava]anche mu1t1p11cat1on does not:
« ; !

in the drift region. In the drift reg1on,.the condu§t1on currentfcbns}s{%”-?‘

of bunched minority cafriefs. For a single type of carrier in the non
dispersive drift regionrthé following relations are valid for a pfn Junction,

4
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The space charge term of Eq. (5), when applied to the drift region

becomes

SPACE CHARGE:(DRIFT) =

Zl—'

W W ‘ _‘ ';
a ,t)-n(x,t))dx' d 9
~/NES 'i[ X,t)-n(x x' dx (9)

*a
where only one type of carrier is permitted} Continuing‘the derivation
for a p+n junction and carrying out.the first integration gives;
wl

- f(w-x) Lot -2 dx (10)

s © n n

‘

SPACE CHARGE (DRIFT) =

=

where W'is the width of‘the drift region and the relationship for a sih%ae
type of carrier is used. This last equation can be further simplified by

a change of variables, such as 1ettingv¢'

Using this change of variables the spacé charge term becomes

c . -
SPACE CHARGE (DRIFT) = oo f (T,-t+t') 3 (t")dt' (1) .
s
“la ,
where T, is the transit time for the carriers in the drift region.
: R ) Y )
\e .

Substftuting,Eqs.;(S} and (11) into Eq. (5), the re]ationship'\

13

'fon,fhe electric field in the avalanche region becomes;

» | 2 . |
' : v v vV - X : v _tv
_ B a.c. n a 1 n py |1
f0,t) = -+ - (yy- Lz () e 1 %0+
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N
which is valid for p+n junctions when « is set to unity. (For n+p

junctions substitute "d" for "b" and « is set to vp/vn).

o

It is interesting to note that the term relating to the space
charqe in the avalanche reg1on var1es as the square of the equ1va]ent
width of the ava]anche region. Otherwise, the spacevcharge term for the. -
avalanche region bBehaves as expected, where its magnitude is“djrect]y'
proportional to the magnitude of the conduction current ano vanishes»for

small values of xa.

i For n+p junctions, the space charge associated with the avalanche
reg1on will be s1gn1f1cant]y less, approximately a factor of 4, as the
va]ue of Xy is ‘approximately % that of p n junctions. In the constant
f1e]d mode1‘ the -equivalent avalanche req1on w1dths for n p Junctions are
" approximately 2/3 those of the p n junctions. (reference Tab1e 3.1)
However, the magn1tude of the "d" term for n p Junct1ons is less than the

by
magn1tude of the "b" term for p n Junct1ons. This further reduces the
‘value of the ava1anche region space charge term for n+p junctﬁons and Eq.

(12) should adequately describe the difference between the 2o different

types of semiconductor diode junctions. R

3.4 Summarz

The forego1nqvana1ys1s has been carried out with the pre-
requisite that the equatwons deve]oped would be used for trans1ent analys1s
_and would be solved on a computer Therefore, cons1der1ng the 1arge
number of R, F cyc]es necessary to ckaracterize trans1ent response, the
equat1ons sEou]d be sufficiently s1mp1e that the solutions not take an

excess1ve amount of computer time. The fo]1owing equations that describe
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the ponductﬁon current and the electric field in the Impatt diode are
the results of the fdrechnh analysis and are summarised here for

‘reference purposes.

The conduct1on current equation for the p+n, abrupt junction,

' o
Impatt diode is
3 d (t) v_+y
foh - n_°p L ' b _y._
3t ( Xa ) {J t) [ a (E ( b+] ) + ap(E) ( b+] )
j . R |
;‘a'] + JS, } ) a
wh11e the equat1on describing the e]ectr16>¥1e1d in this sem1conductor
Junct1on is’
. . 5
o VB Yac Yy Xi 1 n"Vp 1
Elo,t) W T e C vy bt () ey o)
: s np .on
f T t+t )J (t )dt!
T
2 ' ’
The equatﬁons describing the n p Junct1on are 1dent1ca¥;1n form but with
approphyqteichanges in some coeff1c1entsu
-e equations satisfy the preceeding criterion of simp]ieity
£and ease lution, while at the same time using a minimum of approximat-

, ions. The equations are sufficiently versatile to.describg either p+n or

+ . . . . . ) . ' .
n p junctions in a wide variety of semiconductor materials. The accuracy



of the equations should be adequate, as the assumptions:used.in
developing ‘the cirrent equations have been shown to be valid and the
electric field equatfbn includes an additional term to account for the

snace charge effect of the avalanche regioh.h

fﬂ“& b
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CHAPTER 1V
COMPUTER SOLUTIONS OF THE ANALYTICAL EQUATION%

4

4.1 Introduction

In this chapter, the analytical equations derivec previously
in Chapter III; are solved. Two approaches are d1scussed, as both Ana]og
dnd Digital computers were -used. Computer usage prov1des a fast and

N
accurate method of obta1n1ng the equat1on so1ut)ons - Thus,. a study of Sy

/ 1

the resu]ts for a variety of parameter va]ues can be read11y carried out

Obta1h1ng,solutions for a range of parameters is very important
when comparing the cOmputations to experimenta] results. VThere are
parameters ‘of the Impatt d1ode that cannot be determined w1thout some
tr1a1 and- error. Although the dea]et1on reg1on widt! and doping can-

, centrat1ons can be est1mated from capac1tance —'vo]tage measurements,
the d1v1s1on of this dep]eted reg1on 1nto separate ava]anche and drift

_regions is somewhat arb1trary

» Since many- computer runs needed to be*carr1ed out, it was thought‘
to be advantageous to- norma11ze the analyt1ca1 equations so that the
requ1red acceracy could be attained us1ng;the s1mp]est computat1ona1 tech-
niques. For digital computers, this wou1d be,sing]e—precision arithmetic,
whose usaoe would reduce the computation‘time and computer memor& space

&

required for each program run.

3 4.2‘Norma]izatioh of the Aﬁa]ytica1vKuattons“ R -

Equat1ons descr1b1ng the Impatt d1ode that were der1ved in

Chapter IIT are repeated here for reference purposes The»current;equation

n

in the ava]anche reg1on of the p n JUHCt]OH is

G



C B n_p 1 3 \
v = xa ) { JC(t) Xa [ Gn(E) ( b+1 )+ fip(E) S S
=1+ S (1
a’ ’ : '

and thé e]ectrig field across the avalanche region is

' Vs Vi n kg 1 YnVp 1
Blo,t) = g~ + v lzt@ ) ey 1)
N t" . ‘ .
K f (Td -t th) J (t') dt' 3 (2)
t-T,

| : / . .
" where ¥ is unity for the p+n junction. For n+p junctions, the eqguations

are the same'except "b" s rep]acedbpy K and an(E) and ap(E) in Eq. (1)

are interchanged. . Also, in Eq. (2), « ='vp/Qn.for the n+p junction.

To facilitate the use of compatib]é’hagnitddes'in the computer

solutions, the above equations were time-scaled and-rewﬁﬁtten in terms of
currents. The time normalization was carried out according to the relation,
c=100 EE . . - (3)

t

4

where 1. is-the scaled time and t is the actual time. THe equations are now
a . ) : .
rewritten in terms of t and using the relation

I(t) = J,hdc(t) dA = J (t) A L _(45

where A is the effective cross-sectional area of the p-n junction.  The

time normalized equations in terms of currents are
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< = 10710 ¢ X—19-) {1'(1) x [a (E) (i +a (£) (2o
31 X C a-n b+1) ~ “p b+1 B
Ly, g
a - v
and . ,
2 - ' ; :
v v (t) v X SV +y : :
_ b a.c. n A 1 1
E =L SN S U SN (N T (=
(0,1) W W WAt Ynp [ 2 ( Vo ) (b+1)(b+2) ] Ic(t) ¥
'[' "7. - . . : . N
- _20 Y - A
- 10 ~/‘(Td-1+?’) Ie(TI)»dTI } : | (6)
Using the values for vnvand vp that are 21 en in the references

where

’ vn=107 cm/sec and v ; 0:75ux 107 em/sec

#nd also rescaling other quahtities'ds follows:

2‘ ' —_

T.(r) = 10107 5 Elo,1) = E(0,7)/10"
W= o0t s o m =07
W o=wot . eo | =11.8¢ for Silicon,
the electric field equation becomes . |
. o ) |
) ) (1) X
= B a.c. - 10 a 1 1.75 - ,
E(o,1) = — + = - — — { [ 5 - J1 (=) +
T - |
( Td~r+1') I («') d¢' } (7)
T -:T.d
F

3

Lo

L@



“Before the current equation is furtheﬁ”horma]ized, it is

J

'advantageous to ‘expand the ioniZzation rates.. 1n a Taylor series about the
var1ab1e (E E ), where E represents the va]ue of ‘the electric field at
R

breakdown The resu]tlng/réﬁat1ons forﬂhn(E) and ap(E) will be identical
except for notat1ona1 d1f?erences,\so only’ the an(E) equation will be

. 1 ,(' -
;hfu11y deve]oped T :

i

| 'The;ionjzationchgte$5ahe given by{14)
“n(E) - Fexp (- f/E) and o (€) = 6 exp ( - g/E)
shere © o o
" 2.25-x 10"
TR 75 x1o‘3 .

PR 3
iy .
A

F = 38xTQ 56

'5,f1Expahd1ng,aﬁ(E) in a Tay]or series .and tak1ng only the f1rst three terms,
( the relation is ' 5 2" L
‘ ' : ) an(E) (E—EC)‘ ] an(E) -

o (EY | = a (E) + ( E-E)
n %EéEc n‘-c c

S (E-E

—_ + ' ' L+
3E l 2! 2
—EC | ok ,E-EC

:Eq.(8)f§sa rapidly décreasing function of (E- E ) and the third term

of the variable contr1butes very little to the ca]cu]at]on, but will

3

be carried for comp]eteness Similtarly, the expression for « (E) is



\

-
(E) = ag(E) (1 + %—2- (E-E) + [ 5 ( 9E——2- )2 - s ] (BB W
o C ' EC
2 ~
[%<§7>3-§—z+%ﬂ(f€-ﬁc>3} (9)
C C c

When Eds. (8) and (9) are added, with the appropriate'coefficients

applied, the inner bracketed term of Eq. (5) becomes,

The first term on the right hand side of the above equation is the’bréak-

down condition discussed in subssection 3.3.3. Theréfore, this term

vanishes from the equation and Eq. (5) can be wrigggp as-
, e e %y

i#
Yo,

. . \b&‘«'
a‘IC(T) =10, VatY ’ '
e = 107" («—F) {1 () [ALPHA + BETA J + 1) (1),
. ) a . . *
where
vy e | ‘ N |
ALPHA = ( L) o () € T (Ere) + L F (5 - £—§] (E-E)° +

Ee . Ee - c, Z:;’~\‘"—“ ’
// ’ A {

_[-g.m—?f ey

~and .
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L
BETA= ( gy ) %, () ( Lo (B-E) + [ 3 (3502 - 80y (66 )2
\ b+1 a p'¢c £ c 2 E . 3 c
c C C o
c CJ  vC ’ Co )

With reference to Eq. (5) of sub-section 3.3.6, the variable
(E-E_) is the same as E(o,r ) defined in Eq. (6) and (7) here. By applying

the normalization factors used in Eq. (7), Eq. (11) becomes

3T;(T)

T

=17.5 ( T(x) [ALPAE + -BETA 1+ T_ 3 (14)

where upon setting

‘_[EC, f’ g, qn(Ec)a ap(EC) ] = [Ecaf’g;_a

SO S (R Ly (15)
E . E
C c
and
BETA = %, (s ) 5]€(0, )% +
—~ — 2
[2(L5)% -4 (76)
E E
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The magni tudes of}ngénd Xa are related through the constant field approx-
imation where E is the value of the electric fie1d in the avalanche

region for a g1ven value of the avalanche region width, X3 This relation-
ship is formu]ated in sub-section 3.3.3, Eq. (13) and also summarized in

Table 3.1. As an 1nd1cat1on of the magn1tudes that can be expected for

the coefficients of Eq. (14), when.the fo]1ow1ng representative values of

the variables are used

¢ =325, (B ) =175, @ (E) = 0.1, &, = 1.73
2.73, =175, § = 326
Eq. (T4) for'the current in the avalanche region becoﬁes

S = 122 1 T (x) [0.173 Elo,7) + 0.012 E(o,1)? +.0.003 E0,7)° 14T, )

Eds. (14), -(15), (16) and (7) describe the conduction turrent in
the ava]anche'region of the Impatt diode in a form that is very readily
computed. However, further equations are necessary to relate this avalanche

current to-the current flow in the circuit external to the semiconductor

- , ) G
‘diode. This external conduction current (Iex) can be formula by

considering that a pulse of carriers is formed in the avalanche region and

then ”dr1fts“Aacross the drift region of the diode w1th0ut d1spers1ng

_As this current pu]se trave]s across ‘the drift region, Whose trans1t t1me

45 Td’ the change in the induced charge at the terminals of the junction

. J
sople . /
N ’ s
Ve

a
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causes a current' to flow in the external circuit. This external conduction

current can be written as ‘
t T

] __]_ T 1 1
deCt dt or T, ()-Td flc(t)dt Can
t- T ) : T—Td 7 ‘
after magnﬁtude and time scaling. .

The total current (IT) in the externa1 circuit of the sem1conductor
diode is the sum of the conduct1on and d1sp1acement currents, which can

be written, after magnitude and time scaling as

Iy (0) = T, (x) +C 2 ¥(x) E ' '(18)

ex d oT

where Ed is the depletion region capac1tance in p1cofarads and V( ) is

the R F. Voltage across the diode Junction.

In the computer program, the Impatt d1ode is comp1ete1y described
by Egs. (14) (17), (18) and a re]at1on for V(t). V(1) can be expressed
as a simple tr1gonometr1c relation such as a cosine or sine function. 'The:
‘waveforms g1ven by Eq. (18) and the re]at1on for V(1) are Fourier- ana]y’ed
and the comp]ex rat1o of the fundamenta] frequency components taken to-

P

obtain the electronic impedance (z,) of the semiconductor, d1ode The, = .

Fourier analysis procedure is exp1a1ned in Append1x A

The effects of temperature changes upon the d1ode Junct1on are ‘ "
d1scussed in the following Chapter, where it s shown that th1s effect
can be taken into account by adjusting the value of- VB in Eq. (7) as a’

function of t1me ,T§t is also shown in Chapter'v, that, for the shoyt-
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duration bias voltage pulses used here for the transient measurements,

the effects of junction heating are minimal. Therefore, the effects of

e junction temperature changes will be ignored in this chapter.

473 Analog Computation

In1t1a11y, the norma1ized equations were.prOQrammea on the -
* "
Pace analogue Computer. This served a two-fold purpose; (1) to gain

familiarity with the behavior of the model and (2) the possibility of

T

consfructing an analog model “describe the  transient behavior appeared

promising, as steady-state mod

S off%he Impatt diode have been programmed
(28)- o ‘

on analog computers

Ana1og computers have a 11m1ted number of amp11f1ers and there-
‘fome the extent of the non-Tinearity that can be programmed is restricted.
Hence, any (epresentat1on of the Impatt diode that»was modelled on the ﬁ
aﬁa]og computer would need to be simpﬂified; ‘Even S0, an agpmoximaae analog
model” of the Impatt diodévwould be valuable, for demonstratiye purpdses, SO

work was carried out towards this geal.

'4.3.1 Equations for ﬁhe Analog Mode!

The mode] of the Impatt diode used for anaiog computat1on was
‘e'essemt1a11y the same as that given by the eauat1ons derived in Sect1on 4.2,
Eds. (14),,( ) and-(18) The s1mp11f1cat1on was mainly made in the
" 'current equat1on, where only the f1rst term in. E 0, T)'was taken. Also, the

-mode] was assumed to have equal 1on12at1on rates and drift ve]oc1t1es for

-PACE - Precision Analog Computer Equipment; a general punpose d.c.
"analog'compufer,[manufactured by Electronic Associates Limited

{Model 231R).
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both eTectrons and holes. The resulting equation for the current in the

avalancthe region was thus,

. _ . \2 _ .
o T I.(1) E(O’T).,JrT_z; I, (1)

where = is the transit time of the avalanche region.

The equation for the electric f1e1d is §he same as that g1ven

by Eq. (7) in Section 4.2, except that the space éharge term associated with

‘the avalanche reg]on was neg]ected To fac1]1tate programming of this

equat1on, it was wr1tten in differential form as

8 E{o,1) 1 V() 1 =
3t~ 7 W €Ty A [ TdvIC(T) ~fI (x")de'] (2)
' T-Td ./,)
where the bracketed term originates from .the relation . o
f o) Tl (<) de' = 4 T(5) j T (') (3)
T B ‘ . T-T_d ‘ 5 )/

and a d.c. 1n1t1a1 condi tion s1m@1ates the constants in the or1g1na1

equation. Similarly, the expression for the externa] conduct1on current N

becpmes
3 T ('r) ‘ ‘ B ) . J
ex  C 1l T -1 (e~ A ' 4.
5 = [T =Ty 1 @
The R.F. voltage acrosé the semiconductor diode-yas sjmulated
~ by setting

-

~.



V(t) = " Cos (u 1) ()
where M is tHe amplitude constant; the programméb]e differential equatioo'

for the R.F. voltage then becomes’

2 ‘ _2 .
GRS 10 | | - (6)
ats : . :

Sirce the disp]acémenf current is directly proportional to fhe time
derivative of the R.F. voltage, it was analog modelled by sampling an
appropriate porgion of the first derivative signal in the analog program

_for Eq. (6).

A schematic diagram of the program uséd is shown in Fig. 4.1.

This program contains some -extra components, such as absolute va]ue circuits,

comparators and redundant amp]wfl%fs, all of which were found necessary

However, some d1ff1cu1t1es werevencounter?d in obtaining solutions to the

equations and the model was found to be tob lnstable to produce accurate
| - results-under transient condftions.. Some of the instabilities were inherent
in the programming, but the main causes of the unstable results were

associated with equipment Timitation.

e

One of the inherent weaknésses of the program lay in the sim-

ulation of the time delay necessary to model Eq. (4) of sub-séction'4.3.1.
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The c1rcu1t .used for the time delay is shown iy Fig. 4. 2
‘Thisvis a Pade(zg)approx1mat1on of the fourth order . A]though this
circuit is among the most accurate approximations that can be made on
the analog computer,31t still suffers from d.c. dr1ft and r1ng1ng when
a ‘sharp current pu]se trave1s through it. One way of overcom1ng .these
‘:prob1ems wou]d be by s1mu]at1ng time de]ay, by us1ng a digital computer
‘for storage w1th analog-to-digital and d1g1ta1 to analog converter
equ1pment As the required converter equ1pment was’ not ava11ab1e, th1s

corrective action was not taken in this study. s

, The major equ1pment ]1m1tatﬁons were the d C. ‘dr1ft of the

'mdntegrators as well as noise in the output of the mu1t1p11er Absolute
va]ue circuits and comparators were p]aced after the mu1t1p11er and

¢.jn the center of the time de]ay circuit, A]though these extra circuits

'reduced these sources of’error, they did not e11m1nate them. Consequent]ye

the transient resu]ts were not very accurate and were d1ff1cu1t to

reproduce.

The above - ment1oned problems were not as severe when a strong
K. F voltage was app11ed 10 the Impatt model and the system operated under
steady-state conditions. However, the accuracy and reproducab111ty“of ;

the results were still somewhat 1imited.

4.4 Solutions by Digita] Computer

An ana]ys1s of the trans1entbehaV1our of the Impatt diode re-
) qu1res a so]ut1on over a 1arge number of R F. cycles; thus, each computer

run may be of apprec1ab1e length. Also, to reconc11e computer behaviour
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3

of the Impatt diode with the experimental results, some adjustment of
thQMQjoae's parameters will have to be'made, and this may necessitate
rgnning'the program several times. It would be advantagecus tc use
single-precision ar1thmet1c, as this allows a reduction in the computat1on

time and the amount of computer memory requ1red for each program run.

By cast1ng the equat1ons, descr1b1ng the character1zat1on of
the Impatt diode, into normalized form, it is poss1b1e to use 51ng1e—

precision ar1thmet1c and st1]] maintain sufficient accuracy

The norma]ized _equations ‘derived earlier, Egs. (7), (14) and
(18) of Sect1on 4.2, were programmed on an IBM 360/67 digital computer
-A further advantage of us1ng the norma]1zed version of the descr1b1ng
equations is that the resu]tant so]ut1ons are very stable. Consequent]y,
Tess stringent error critera and 1arger time 1nterva]s can be used in

‘ the‘so1yt1on of the equat1ons, while still maintaining,sgfficient.accuraCy}

4.4.1 Procedure for Numerical Analysis

The set of equations to be solved 1nc1udevon1y one d1fferent1a]
eguati however, if a coup]ed cav1ty were . included in the mode], there

, WOu)d be three first- order d1fferent1a] equations that wou]d require
simu]taneccs solutions. To ensure flexibitity, a routine was used that “
wou]d a]]ow the so]ut1on of one-or- severa] d1fferent1a1 equat1ons A |
spec1f1c subrout1ne for the solution of the d1fferent1a1 equations was

.not wr1tten, as seVera1 exce]]ent subrout1nes are a]ready in ex1stence

and Tittle wou]d be gained by dup11cat1ng the existing programs

A subroutlne emp]oy1ng Hamm1ng S mod1f1ed pred1ct0r corwector

‘J

'method w1th a fourth-order Runga Kutta metﬁ}x the starting

equations HPCé30)

values, was se]ected for the: so]ut1on of thew:”
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This subroutine is faster than the fourth—order Runga Kutta method
*=alone and_has.a better error crtterion. ~The program for the solution

of the set of equations was built around this HPCG subroutine, as it
i . : L T - l . -
had separate input and output subroutines of its own, that were supplied

by the user.

In programming the normalized equations for the Impatt diode

(Egs. ,(7), (14), (18) of Section 4.2 plus a relation for the R.F: vo]tage)ﬂb
- the equat1on descr1b1ng the e]ectr1c field in the ava]anche region was

rearranged slightly; the form actua]]y used in the program was expressed

aS'fo11ows:‘

(Votv ) Vo o (1) ‘
E(O,T) - B 'B a.C. - K -f (T) +

W W 1.04WR -

where VB is the d.c. b1as voltage, abdve breakdown, needed to ma1nta1n

a g1ven steadv state current present during the exper1menta1 measurements.
JThe term VB Suli, app]ies t0'the bias vo]tage pu]se app]ied after the |
reverse breakdown vo1tage has been reached. A furtHer change ‘that 1s
ev1dent in Eq (T) 1s that the coefficient of the space charge term per—
ta1n1ng to the ava]anche reg1on has been condensed 1nto ohe constant
foeff3c1ent more readlly ava]]ab]e for .

v,
variation when comparlng the computedvand experlmenta] resu]ts.

The Tatter, change made this

HK || N

-

The re]at1on descr1b1ng the R.E. vo]tage across the sem1conductor

. ¢

- diode (VK%)) was chosen as - R . S

L -

W) smcos ) T ()
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where M is an assigned magnitude and w is fhormalized in accordance

, L :
with time scaling relationship for t (Egq. (3) Section 4.2). Here,

the R.F. vo]tage 1s"assumednto.be at’'a sing]e frequency.

An important problem encountered in the use of this program,
was in detz rmini fig the most pract1ca1 s1ze of t1me/1ncrement for the
so]ut1on or the d1fferent1a1 equation. It was readily determined that
a time 1ncrement of O o1, for the norﬁa11zed time 1, would produce
| practically, the same results as any sma]]er time increment used. How-
.ever, : nroblem developed in that the 1ncrement size would gradha]]y
change as the program t1me progressed. 'By using the time scaling of
1010, the program time var1ab]e has to run to 300 to simulate 30 nano-
seconds of actual t1me In so do1ng, the change in the effective size

of the t1me 1ndrement is suff1c1ent*to cause significant inaccuracies

in the Fourier analys1s results.

The So]utwon to this problem Tlies in choosing a size of t1me

increment that. 1s convert1b1e exact]y nto hexadec1ma] so that all the i
, s1gn1f1cance is. 1n the f1rst few digits, The computer stores all 1nform—
' at1on in hexadec1ma1 and the program 1ncreases its t1me var1ab]e by
cont1nua]1y add1ng,the 1ncrement s1ze to the ‘existing time:— As thetl
A ex1st1ng t1me ‘becomes greater than 16, during the process of add1t10n
some of the significance of the time 1ncrement is lost. For va]ues of
the ex1st1ng t1me greater than 256, even more of the s1gn1f1cance oflﬁﬂe

t1me 1ncrement is 1ost dur1ng the addition process. Consequent]y the

) effect1ve s1ze of the time increment appears to decrease as the tota]



69

scaled time increases. However,Aif’the size of the increment is
properly chosen, a value of 1/128 was found to function properly,.there
is no loss of'significance during the progress of the program. time

.and . the effect1ve size of the time increment. rema1ns constant.
.3 a ‘: * - .

- may-hecessitate some adjustment in the number of points taken for the
Four1er ana]ys1s However, any prob]ems such as this can usually be

alleviated by a judicious choice of frequency for the R.F. vo]tége_

L
3

across the diade.

4.4.2'Resu1ts of Computations

In programmwng the norma]1zed equat1ons, values need to be

assigned to severa] parameters, - These parameters are listed in Tab]e 4.1

4

and _the va]ues~assigned are those used tn\the fina]'comparison of the
computed and exper1menta1 results. The deptetion width'(w) was obti1ned
@ﬁom capac1tance voltage measurements taken at 1 MHz ‘and the Cross--

segt1ona1 area’ (A) was obta]ned by exam1n1ng a segmented d1ode package

under a. h1gh ‘power microscope.

1
]

that the equat1ons were more sensitive to some parameters than others.
'The most cr1t1ca1§pa?ameters were Td"cd’K and Xg Sma]1 var1at1ons in-
W or A caused re]at1ve]y sma]] changes in the- tomputed resu]ts. Wh11e
the equat1ons were more sens1t1ve to var1at1ons in K and Xa’ they were

most sens1t1ve to variations in Ty and Cd. ’ o T
¥ . : X :

During the ana]ysis of the computer results it became evident

i

‘;‘ The se]ection of such odd sizes of .the time 1ncrement as 1/128



* TABLE 4.1

PARAMETER VALUES FOR THE NORMALIZED EQUATIONS

DIODE| FREQ mo| T | W L B R B K
, S } _4 o] @ d 210 d
Gz | VOLTS | AMPS | [107%en® | 10 of
51 6.0 2 4 107® |35 1 1.45|0.26 |0.36]0.0238
7.8 2 | 10® |'375] 1 |1.45|0.26 |0.36]0.05
8 |6.0 2 | 10° {as8 | 1 |1.65|0.327 [0.30]0.050
A 1. |

7.8 2 10 4.8 . 1 11.6510.327 10.28 | 0.035

The salue of the carrier transit tt@%&for the drift region

(Td) has a strong effect upon the'computed tesults It is this parametert

-

T

that largely governs the d.c. current respopse of the equat1ons to a
.given bias vo]tage.' Increas1ng the va]ue of q decreases the Tevel of
~d.c. current 1n the 51mu1ated Impatt d%ode for a ngen va1ue of bias

"~ voltage. ﬁonsequent]y, an est1mate of the value of T4 can be
obtained from a comparison of the cuyrent levels in the simulated and
" actual.diodes for a given bféSﬁVOWtage. A better estimate of.the
value' of 74 can be dbtainedAh& determining the width of the drift,
region and divid?hg‘this.by the_scattering—1imited velocity of the'
(14) |

carrier An estimate of the drift region width can be obtained from
, . : \’

extrapolating.the value of X used in the program “back to an actual

and the value of W.. Once determ1ned th% value of

width of the aval nche region and then taking the d1fference between
this attua] widg(a

T4 is held constant for a, part1cular d1ode ’

4

The dep]et1on 1ayer eiiii};an e (C,) greatly 1nf1uences the
. d

magnitude of the ca]cu]ated e]ectron1c impedance for the sem1conductor i

=
L3
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diode junction. This is well illustrated in Figs. 4.3.and 4.4,
- where ‘the only differencé ‘is in the‘vg}ue.of E&, which was 0.37 for

Fig. 4.3 and 0.35 foFig. 4.4. It is interesting to mote that the

influence of th1s parame r is mainly in its effect upon the magnitude
.of the computed results and nst upon the general shape of the p]otted
curve. Th1s parameter was initia y set in accordance with the value
found from the 1 MHz capacitance-voltage mea;urements-and then

adjusted_s]ightty'to obtain a better .comparison petween‘computed and

-

measured results.

The main 1nf]uence of the para@@ter K is in the slope and
'curvature of the computed p]ot of the electronic 1mpedance while
changes 1n magn1tudes of the»p1otted va]ues are 1nf1uenced to a lesser
Iegree. Th1s effect is 111ustrated in Fig. 4 5y where the on]y
d1fference in the parameter va]ues is 1n the magnttude of K. The
time or value of d.c..-current where the electronic impedance plot
#'changes d1%§ct1on“ is a sens1t;ve funct1on of the value of K. This

, parameter is initially est1mated'from the theory and then adjusted to

correlate the“computed and experimental results.
. . ) . , . P!zQ.L% . \ .

A value for the equivalent width of the avalanche region.( a)

~ can be arrived at by cansidering Figs. 4.4 and 4. ﬁ "~ The va]ue se]ected

for Xé is seen to have a d1st1nct effe T upon the‘B1otted character1st1cs

of the e]ectron1c 1mpedance For the h1gher value of X5 (Fig. 4.6) the

curvature of the 1mpedance p]ot is reversed in the region of 7 nanogec—

onds and, alsd,-tne magnitude of the p]otted va]ues 1n thisvregion_

are reduced somewhat.. ‘From the characterization of Scharfetter's mode],

¥
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- \‘\) °
Fig. 3.4, the equivalent width of the avalanche region is known for
a doping level of about 1.1 x 1O]6cm_3. An est1mate for the dop1ng
Tevels in the diode junction can be obtained: from the 1 MHz capacitance-

voltage measurements and then the above 1nformat1on can be used in

conjunction with the exper1menta] results ‘to determ1ne the value of Xy
; .

L.

In Figs. 4.3 to 4.6 the values of the parameters were for
giode #1, driven by a R.F. voltage whose frequencyAwas 6.0 GHz. The
values of W and 4 were fixed at 3.75 and 0.26 respectiVe]y, with the
vé]uewof K set at 0.0238 unless otherwise specified. The same bias

pulse was used for Figs; 4.3, 4.4 and 4.6.

Ddring“the computations, it became evident that, for a
given value of biés'vdltage pulse, the magnitude of the d.c. current
response obﬁerved in.the computer model of-the Impatt diode; was not
quite the same as that observed in the experimenfa] measurements. . In
diode #1 the cemputed current response had a greater magnitude: than
that, experimentally observed for a given value of bias v“1tage‘pu1se,
while in diode #8 the opposite aeffect was found. . Thié'discrepanCy
coqu not be explained by a choice of the pérameter va]ues _In the
computer model and was thought to be—a result of the mahufactur1ng
'techn1ques used in fabr1cat1ng the Impatt d1ode Therefore, a]] “the
computed results were compared with the experlments on the bas1s of

their. d.c. current response and not on the exact magnitude of the bias‘

voltage used. )
: =

'~

. The fina]'computed results were plotted aTong with their

associated experimental results given in Chapter VI. The series ..
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resistance (Rs) due to contact Iosses? the reststance of Lhe substrate
and the undep]eted.region of the diOde has not been taken into account.
However, as the computations give the electronic impedance, the value -
of RS can simply be added algebraically to the computed results.

This action will result in a shifting oflthe plotted computed results

along thg real axis of the graphs. }

4.4.3 Estimation of -Computational Errors

The error in numerical caTcu]ations consistshof'truncation
(discretization) and round-off errors. These errors are maxn1y
_control]ed by the type of method used to solve the d1fferent1a1 equat1on( )
and the selection of the step size. In choosing the step size, a
balance must be maintained between the accuracy that 1s acceptable

{
and the t1me required to complete a program run,

o Y .
In genq?a], the subject of round-off-error propagation

1S poorly underétood(;3 %he accumulated round-off-error is not s1mp1y

' the sum of the lTocal round-off- errors because each 1oca1 error is |
propagated and may either grow or decay as the computat1on proceeds
Decreas1ng the gtep s1ze, 1ncreases the amount of ca]cu]at1ons in the
program and the accumulated round- off error can be expected to 1ncrease
' Therefore, as the Step s1ze,1s decreased, to.reduce;the truncation

error, the effects of an increasing accumulated round-off-error should

be considered.

The subroutine used for the solution of the»differentiaT
equation(s) emp]oyed a'Hamming's modified predictor-corrector method.
This method gives an‘estimate of the lncal truncation error (3) at each

step in the program and thus, has the ability to automatically chenge



the step size. The user has tolinitia11y specify the step size (h)

and the maximumAe1]owab1e truncatjon‘error'(e). In the Subroutine,

if a>é, h is halved, while if a<e/50 h is doubled. The subroutine
w111 not allow the value of h to exceed that 1n1t1a11y spec1f1ed When
the program was initiated, it was observed that h is reduced from

its 1n1tﬁa1Ava1ue but, within a few steps the value of h has eeturned ;
to its initial value. Therefore, at this point in the program

d<e/50 for_h/Z; For the remainder .of the program run the value of h

is held constant.

The step size and the maximum truncation error were specified
o

as 1/128 and 0.01 reépectively Computations'carried out with these

values qave resu]ts that were pract1ca11y the same as the results

: obta1ned' 2 s1ng smaller values of h and e. -Also, one complete
‘program run cou?d be carried out in 1ess than four m1nutes of computer

time. ‘TRJ““y

A set df’equations has” been deve]oped that wif]idescribe

the behaviour of the e1ectron1c impedance of the Impatt diode. These
equat1ons have been cast “into a form th?t permits them to be accurate]y
so]ved.by the‘s1mp1est computat1ona1,techn1ques. Solutions to these

equations have been obtained using both analog and digital computers.

' ' S . -
. The solutions obtaine@ﬁon the analog computer were adequate
\ [
to mode’l steady state: cond1t1ons ‘but were not suff1c1ent1y stable to

‘

y1e]d accurate results when s1mub@f1ng transient . cond1t1ons Therefore,

P
ke

B
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the final solutions to the equations were obtained on an IBM 360/67

digital computer.

The ‘structure of the equations,descrjbing the Impatt diode

facilitates the correspondence between the computed and measured values

of the electronic impedance. In tke equations of the computer model,

there are several pérameters that have to be assigned values. /TT""’////

: _ : g
has been found that the more critical parameters have sufficiently

indépendent effects upon the calculated electronic 1mpedahce, that

they‘can be adjusted in a straight forward manner. -

\w_//ﬁu

L
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CHAPTER V
THERMAL PROPERTIES OF IMPATT DI-ODES

5.1 Introduction

In avalanche:diodes, the temperature’of the p—nyjunction:
inf]uenees the instantaneousvmagnitude of the junction breakdown
voltage and hence the 1nstantaneous magn1tude of the Junctlon current.
Since the magn1tude of the diode's e]ectron1c 1mpedance is a
sensitive function of the'magnitude of the junction current, the
'characteristics of pulsed, ava1anthe diodes mill ohange during the ?'
pulse on-time, as the junction.temperature rises. In aﬂa]ancheediode
osc11]ators both amplitude and. frequency modu]at1on efﬁects(]])occur

as a resu]t of these temperature f1uctuat1ons : !

Prev1ous1y, the junction temperature character1st1cs of

32)to w1thtp_a feW’hundred nanOSeconds

!

these d1odes have been reported(
0of “the 1n1t1at1on of the b1as voltage pulse. .In. D1g1ta1 Commun1cat1ons
pu]se durations of tens of nanoseconds may be used Consequent]y g
much more deta11ed 1nformat1on w1]] be required on the t1me depenéence'
of the Junct1on temperature The temperature sens1t1ve property of

the sem1conductor Junct10n that is most dlrect1y re]ated to the
operat1on of the Impatt d1ode is the reverse- b1as breakdown vo]tage
This temperature-sens1tt¢e property can be ut111zed to obtain'a re—' , r
_5dat1onsh1p between the Junct1on temperature and the breaxdown vo]tage

Then, 1f the t1me dependence of the breakdown voltage can be measured,

9

%,



5.2 Steady—State Thenmaﬁ{Properties

29

Ve

The re]at1onsh1p between the Junct1on temperature and breakdown voit-
age is determ1ned w1th steady state measurements wh11e the time
dependencesof the Junct1on breakdown vo]tage requires measurements

taken under trans1ent cOn&1t1ons

.';‘
BV

Cul As the Junct1on temperature increases, the CEIY‘Y‘HEY'S

1nteract more strong]y w1th the crysta] 1att1ce and require a greater W

t1er\strength to ga1n suff1c1ent energy for “impact ionization to occur.

Therefore the Junot1on breakdown voltage 1ncreases With increasing

y .

temperature. The-re]atnonsh1p between the diode junction temperature

‘and the breakdown voltage: was determ1ned by measuring the breakdown

: vo]tage as the packaged dlode was heated in an oven. Measurements ¢

were\recorded for constant temperature 1evels rang1ng from 20°C to
# -

150 C us1ng the»measurement system shown in F1g 5.1. Dur1ng the measure—'
ments » a constant dwrect current of 100 m1croamperes was ma1nta1ned

in theud1ode h1s was necessary to ensure. that m1crop1asma effects

were minimize' and ava]anche breakdown occurred across the ent1re

3unct1on area, thus eﬁsur1ng that the Junctﬁon was un1form1y heated

"a.

This 1eve1 of direct current resu]ts in on]y about 10 milliwatts of

power d1ss1pat1on w1th1n the: d1ode Junct1on and 1s sma]] enough to have

on]y minor effects an the measurements Thoooe : -
J ‘_ﬁ" o » M . - B

The effects of non- zegp pa&er d1ss1pat1on in the Junct1on
can be accounted for if. the therma] res1stance between the d1ode junct1on
and the heat sink is known As shown in (32), the thermal res1stance

!
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.

“(r) is defined as

Valo=Vyly: J

, temperature (Tje)'ié given by
k I | ,
.= T. 4+ )1 : :
Tie= Ty +r VB(‘TJ)I | & | (2).

where VB(Tj)'is the measured breakdown voltege corresponding to the

T

heat sink temperature Tj'and I is the direct current at the time

of the measurement. Thu resu]ts‘of_measuFements of breakdown volt-

. i . ) - o .. . ' . . .
age versys temperature can be corrected for power dissipation within \

-the junétion itse]f:

{he junctﬁon tempgkéture—breakddwn.voftage 5easuremén£s
Were‘carried out using‘commefcia1]y available HeW]ett'PatkaAd 5082—0437
Impatt diodes. Resu]fs obtained %o; two diode§ were“pracfica11y
~. 1dentical and the typical measured temperatufe'dependence 6f the
breakdown.vo]tage is shown in Fig. 5.2: From these ﬁeasurements r5:’/
was found to have a rumerical value of 22.§9C/wdtt and the slope of
the VB(Tj) versus fjc plot was 11nsar from 20°C to 150fc, with an
average.slope of 0.12 v/°C. The resu]ts'obtained 1nvtheSe méasurementf.
are in close agreement with those of previous work(322 The pertinent
characteristics 9f/E;;‘E}bgés ;;;a\dﬁ_these meASﬁfemenys arebg1Veh in
Table 5.1, where thg vajues Were tﬁken at room témpératuré and the -

'dep1efion_region width and doping levels were derived from 1 MHz

~

<.
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h Y

capacitance-vo]tage measurements It was a1so noted from these

:

measurements, that the d1odes were closely approaching a punch through

N

'cond1t1on when the reverse bias voltage reached the breakdown value.

Since both diodes displayed practically 1dent1ca1 temperature _
dependence of ‘the breakdown vo]Eage, it would appear that.d1fferences .

in the%gepletion.regioh width and dopinéucbncentrations of the‘range

shown in Table 5.1 de hbt alter the steady-state thermal character- N

“istics of these diodes.

. .
| TABLE 5.1
< J‘ I3
CHARACTERISTICS OF IMPATT DIODE y
TYPE H.P  5082-0437
DIODE[BREAKDOWN | DEPLETION | DEPLETION. | AVERAGE
VOLTAGE LAYER LAYER . | DOPING-
| {100ua) CAPACITANCE | WIDTH * CONCENTRATION
#1° |Vo1.7 0.28 pf | 375 | o 13x1015
) ' U o 18
22 |102.8 0.24 pf 4.35 . 6.85410'°

5.3 Transient Thermal—PropertiesA :

| Since Tittle is knewn of the tranejent resanse of the
junetion témperature ofﬂImpatt diodes, it was deemed advisable to
study its- behav1our exper1menta]1y pr1or to developing the theoret1ca]
mode] of. heat f]ow in the Junct1on irea of the d1ode The philosophy
of - thelworh reported by Mosekilde et aZ(33)1n their theoretical

~

étudy on the thermal response of pulsed Gunn diodes, may be applicable



to Impatt diodes as well and provide an indication of the results to

be expected.

5.3.1 Measurements of Transient Heat fFlow -

A doub]e—pulse“héasUremeﬁt mefhod sihf]ar to that preéented
'.by Nigrin(3gz was utilized to measure the t1me aependence of the
Junct1on breakdown vo]tage Then, with referende»to Fig. 5.2, the
time dependence of the junctjbn temperature was determined. This
QOub1e pulse method utilfzes a main pulse of appreciable durafion to
. reverse bias the Impatt diode beyond breakdowﬁ and a sampling pulse
| of much shorter duration and opposite po]ar{ty to reture fﬁeﬁbias
vo]tagelﬁo its breakdown Tevel. As the ﬁunction tempe;atufeﬂchanges;
"so will the MEgnitude_of'the breakdown vo]fage and hence, the hagnitude
of the sampfing.pu1se required to réturq/;ﬁe/junction;fo its break-
downvconditioh, In order“to:cohHQEt'measurehents tQ;WithiH\a few
nanosecdnds of the onset of the majn;biae pulse, tHe samp]ie§ﬁbu]se \
- must_ have a fast rise time and be of shorﬁ duration.‘_This'presents
sohé prebTems in designing the circuitry so that it will accept the
| fast rise times\end fully feaet within theJdUration of the sampling
pulse. The-meesurement system is shoWn.in Fig. 5.3, where the S9up11ng
of the ma1n and sampling pu]sers, plus the measurement po1nts A and
B, were incorporated into a pa1r of airline tees whose character1st1c
h 1mpedance was 5 ohms. A1l 1ntercohne¢t1ng leads were kept as short
~as possible. (makimum 1ength gbout'3 inehes) and were consprqeted from
: heavy copper’ w1re (12 gauge); The d.c. power supply was shunted w1th
low [»rasitic 1nductance capacitors to enhanee the gygtem }espense

“time.
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Since the double-pulse method,_ashdsedhhere, allows the
observation of the main and sampling pulses as the;.are appljed.to the
diode (meaeurement point A in Fig. 5.3), as wé11.as the current | K
‘through the diode (measurement point B in&Fig;;S.B), the pertinent
pulse shapes are known. The-circuit-wae adjusted so that it would
fu11y{respond to the sampling pulse in less than 6 nanoseconds. There-
fore, a sampling pulse with a rise time of 1 nanosecond“and‘a duration )
(exclusive of rise and decay times) Of46-nanoseconds_was used. The ¢
main bias pulse had a rise.time of 5 nanoseCOnds»and‘a duration of
200 nanoseconds.” * To ensure .that the_diodedjunttion temperature had
c1ose]y:approached that of.the heat sink, between main bias pulses ,

-

the pulse repetition rate was sét to about 500 pulses per second.

The neasuremeht procedure was to ‘adjust the magnitude of
the main bias vo]tage puTse until the dfode current,’ dur1ng the main
pulse, was at the desired Tevel. Then, at selected time intervals
Q{ﬂ following the onset of the main bias pulse, the magn1tude of the
| sampling_pulée'was carefully adjusted until fhe net b{as voltage across
di-the d1ode, w1th1n the duration of the samp11ng pulse, had just been

-
- H'
¢

réduced to the breakdown value. This magnitude of - the samp11ng pulse

.ed‘thevt1me 1nterva1 were recorded and plotted as the change in the
Junctfon breakdown vo]tage with t1me, ‘relative to the onset of the
: =pmajn»b1asvpolse..

"hThe reducfion of the net bias vd]tage across the dicde, to

Q

C i othe breakdown value was "apparent from observ1ng the instantaneous

._d1ode}qunrent Nhen b1as voltage across the diode reaches the breakdown

\
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e’ ( N
A
\
va ue. 1. oot dctuations associated with microplasma
’ )
b-e caus= t i de"carrent to vary slightly for each pulse

T titive b~ ,oltay: pulse train. The observed effect_on
g<gsy'l

T Sope o2 i o ' “lutter " instability in the currént
: wa- =“orm : © e ociated with the t?ai]ing edge of the
‘sampx'nj Dras pui.c : g the experiméﬁiZtr;he magnitude of the

sampling pu..e was .. eased until this instability in'the currént

waveform became apparent. By selecting the magnitude of the sampling
pulse wheré the flutter just becomes definite as.a reference, it
was possible toféarry out consistent measurements at all selected

f'samp11ng positions wihin the duration of the main bias pU]sef

TypicHT waveforms obSekVed during the measurements are
shown in Fig. 5.4. - In these photocmphs , the>upper trace represents
the diédé current, while thé Tower trace shows the mainAénd sampling
bias voltage pulses. Both'thefdfode currenf and the méfp bias pulse‘
increase 1n‘magn1tude toward the bottom df the phﬁfograph. The -
magnitude ofiﬁhe‘sampfing bias voltage pulse increases toward the
top Qf the photograph. Fig. 5,4(a) shows the overéﬁ]‘re]ationship
between the main bias voltage pulse, sampTing bias voltage pulse and
the diode cﬁrreng response to both thesé_biaf s lses. Fig. 5.4(b)
gives an expanded yiew of the effect upéh_fhg d‘ade'current when the
sampjing bias voltage pulse is applied. In:Fig. 5.4(c)_thehmagnitude '
of:the samp]iné biasvvo1tage pulse has been increased until the charaﬁte}-

istic "flutter" in the diode current 1s'app%;éht.
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E]g 5.4 PHQTOGRAPHS OF TYPICAL OSCILLOSCOPE TRACES OBSERVED
DURIHG THE TRANSIENT- JLJCTION TEMPERATURE MEASUREMENTS

‘vIn aTT photographs, the\upper traee represents the d.c. diode
current resulting from the application of the main and sanpfing bias . %?,
voltage pulses. These bias voltage pulses are shown in the Towef trace.
‘The upper trace has, a vertical. scale of 20 MV/cm ang the nor1zonta1

scaTe 1s 1nd1cated in the lower right hand corner of each photograph

Fig 5.4(a) Overall reTat1onsh1p between the ma1n and samp11ng

bias vonage puTses and .the resulting diode current

Fig. 5.4(b) Expanded view of the sampling bias pulse and its

effect on fh diode current.

Fig. 5.4(c) Characteristic flutter in the diode current
waveform associated with the reduction of the bias voltage to the,breakdown

Tevel. S : ' o L
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From’Fig 5.4(a), it 1s observed that, as time measured

from the onset of the main bias pu]se 1ncreases,(that the d10de current

‘gradua11y decreases and the main-bias pu]se vo1tage gradua]]y 1ncreases;

~Th1s decrease in the dlode current 15 a result Qf the 1ncreas1ng -
A
Junct1on temperature wh11e the increase in “the main b1as pu1se is a

character1st1c of the measur1ng setup With reference to F1g 5.3,

~monitor positions A and B were connected to the 50 ohm 1mpedance'

J F

osc11%oscope channe]s A and-B, respect1ve1y Thus, the vo]tage app11ed

4

. to th@~d1ode mon1tored at. pos1t1on A, is the f1xed vo]tage pu]se
supplied by the main puT&er minus the vo]tage drop across 3-50 ohm -

1mpedances in para11e1 As the d1ode current deoreases, soéﬂoes/the

f. . /

vo]tagexdrop across the 16. 67 ohm 1mpedance and the resultant voltage
). .

at A shoLs a correspond1ng 1ncrease Th1s}effect may 1ead to some .

1naccuracy'1n the meaSureg resu]ts, however, this effect should be
?

" . e )

very sma11

B oh o v ' /
The ;gveforms shown in F1gs 5.4 display some character—
'1st1cs which are not an 1ntegra1 part of the measurements. Ihe small
' overshoot at the leading edge of the\na1n b1as pu]se is a cnuracter—
1st1c of the circuitry und the main b1as pu]ser, consequent1y part of
the 1n1t1a1 rapid iecreasz 1ir. =he diode current~sﬁ6wn in Fig. 5.4(a)
vis due to the deczy of the ove-shoot in the buildup of the main bias
_pu15e A]sojlin Fic 5.4(c}, the 1n1t1a1 return spike of current
.co1nc1d1ng with the tra111ng edge of the sampling pulse is ‘due to
capacitive charging'in the'circuitry “The actual buildup of d1ode

current after the decay of the samp]1ng pulse is represented by the

unstable port1on of the waveform.



’Measurements of the 1ncrea5w 1n Junct1on breakdown vo]tages

w1th t1me, were carr1ed out at var1ous heat s1nk temperatures in the b

range 25°C to 150 C To avo1d the complex, cunrent f]uctUat1ons )
b \
assoc1ated w1th m1crop1asma breakdown at tﬁe onset of the ma1n bias
\ \ L]
pu]se ‘a diode eurrent of q ma was ma1nta1ned before the app11cat1on

of the ma1n b1as pu1se Oompléte tests were conducted at each bage .
L

‘;temperature us1ngttwo separate [Impatt d1@des and two magn1tpdes of

Ca \»_
the main bias pulse. The ma1n b1aszpu1se,was adJusted so that average

d1ode currents of 15. and 30 ma were ma1nta1ned fqr the durat1on of, . a

N

; the main b1asapu1se Each test,cw1th1n 1tself, was . very cons1stent ( ‘.

5

al . ; *
with Tittle scattér amogg the plotted measurement data Ahe experi- .

(menta] results showed jwttle change as the heat s1nk temperature walt

1ncreased from 25°C to }50° Nh11e the diode’ current Teve? d1d deérease
F] g
as the heat sink. temperature was raised. (for a .fixed magn1tuge of main
™
b1as pu]se), the var1at1on of the d1ode Junct1on breakdown voltage

stayed re]at1ve1y the Same. For the same reference cond1t1ons, the
d1odes used here produced genera]]y 51m11ar resu]ts w1th only sma]]

r differences. in the base 1eve1s and s]opes of the p1otted results

X\ . o 3y

Typ1ca1 behav1our of the Junct1on temperature w1th t1me 15:

R -
shown in F1g. 5/5. A]so showp'1n this F1gure are. the theoret1ca1 resu]ts. ‘
which. -are included here for compar1son purposes in 1ater dlscussﬁons "

t - 9

The two sets of curves correspond to the two current 1eve1s used for A‘,?
"3 S ?#

the tests, name]y 15 and 30 m1]11amperes In Fig. 5. 5 the zero tﬂr/ Cew

corresponds to the onset of the main bias pu%§e wh1ch is taken as &

the point on the 1n1t1a] vo]tage buildup at which the magn1§ude of the .

pu1se equa]s 90% of 1ts maximum value,including the overshoot Previous]y

4
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o N
"‘reported<32)measurements ot\the:temperature dependence of the diode
“junction can be intenpreted tonwithtn 100-200 nanoseconds of the onset
ofithe main hias pu1se.'“These earliervmeasurenents ¢ "¢ cansistent
with th?nﬁeasurement§‘feﬁ0rtéd here, inathat the fine slopes of the
plotted measureménts given in Fig. 5.5 closely agree with the initial

slgpes of the previous measurements.

5.3;2_Therma1 Model For Transient Heat Flow -

The heat generated in a p n’ Impatt diode by the direct-

rrent power d1ss1pat1on is largely conf1ned to the high res1st1v1ty
.eg1on, with the major part of the heat be1ng ‘generated near the
JJnct1on where ‘the electric field has 1ts ]argest magn1tude Ihe
ahgumentv used to justify one-dimensional analysis for the elect-
rical pronerties of the Impatt diode can.also be used to justify one-
‘d1mens1ona1 ana]ys1s for the thermal propert1es of th1s diode. Conf1n1ng
vthe discussion to one-dimensional analys1s, the heat flow in the d1ode .
can be represented by a sem1-1nf1n1te solid of length ¢ with heat =~
generated uniformly and at a constant rate w1th1n a region at one end
of the solid. This model is shown in Fig. 5.6, where the heat generat—
ion is conf1ned to the region o <x< y.With reference to Fig. 5.7, wh1ch
Shows “the physical structure of the d1ode(322 by taktng the X=0 p]ane
as the center of the heat generatian region, the boundary eonditions ’
at this reference position are“those of a thermally ineu]ated plane.
Far from the heat gene?ation re?ion the temperature will be held at

somevconétanx_va]ue, such as "nat gf_théjheat sink. Under these

conditions thé heat conduc ion equat1on is

—{

‘ < ) N 2 ‘ . .
3 v . .
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where the variation in time (t) of the temperature (T) at various

&

positions (x)‘in the solid, depends upon the thermal diffusiv?%y (D),

 the heat cabacity (CV) and the rate of heat generation (H) per bn?%

volume, per unit time. The agglicab]e boundary conditions are

3T _ ) : ,
x 9 X0 | (2

T=T, x=1 | ” "_(:)
also, the parameters—b and Cv.have been assumed to be independent of
/C’dzf?berature and constant throughout'the solid. Since only the change
temperature w1th pos1t1on and time 1s of 1nterest the initial
' temperature (T ) may - be taken as zero. W1tn these boundary conditions,

the solution to the heat conduction.equatjon(35)giv$n in Eq. (1) is

EE-{ 1 -2 1 erfc [ KQL——L J-7 i er%c.[(liél 1} o0< x< y (3)
- . . /AT /a0t )
* and /

: /

T = %ﬂz% i% erfe [ LE:Xl-] - 12 erfc [(éil)] ] X >y (4)

v v4Dt V4Dt
Th1s so]ut1on is essent1a11y the same as that given by Mosek11deC¥§et az

and when taken at x=o can be wr1tten as

T = %E-{ 124 3% erfc [ ——— |3 | | (5)
v 20/ 7 \ o -
Dt/y
<

This 1ast equat1on is not bounded for t.» = and w111 not accurately
descr1be the temperature for steady-state condT?bons, however, the
transient heat flow under pulsed b1asvcond1t1ons should be adequately

N

represented. ' - R i)

Y,
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These equat1ons will describe the heat flow in. e1ther d1rect1on
in the Impatt diode (F1g. 5.7) if the diffusivity constant‘ns s1m11ar
for both d1rect1ons and if there is a very low thermal res1stance/\
between the s1]1con and the copper.  The d1ffus1v1ty,constant(36)f0r
s111con andhcoppEr are»g1ven'as 0.8 and 1,14 cmz/sec,:respectiVe1y,
for;room temperatpre'conditions.-sFrom the steady-state temperature
measurements, the'value of thermaT resistance between the diode- junction
and the heat sink'was found to be 1ow (2£.2 °C/watt). This thermal
reswstance 1nc1udes the effects of the bu1k semiconductor, and the
heat s1nk4d1ode package un1on plus the 1nterface between the semi-
conductor chip and the copper stud. Therefore, the thermal resistance
of th1s silicén-copper 1nterface w111 be s1gn1f1cant1y Tess than
22.5°C/watt. Consequently, Eqgs. (3), (4) and (5) should adequate]y
"descr1be the heat flow in the Impatt d1odes .used 1in the measurements

’

reported here.

Since the p-n junction of the diode will be very close to:the
X=0 p]ane of the heat flow model, the time-depender temperature profile

of the junction can be represented by Eq. (5), which is p]otted in

~Figr 5757 In"this Figure’,” the parameter A, which represents the quant1ty

o H/CV, was chosen for a close.correspondence of the theoretical to the

experimental results. The experimentally observed initial rise of
. junction temperature is greater than the theory would indicate. Tais
Cou]d be accounted for by some small delay in the initial tranSf'* of

hiﬁt anpy from the Junct1on area or some 1nﬁerent 1nadequancy in the

on -d1mens1ona1 approx1mat1on 0v ...2 heat flow model. Otherw1se,



there is genera]]y'QOOd agreement betwéen the experimental results
and the theoretical model for the transient heat flow in the junctidn

area of the Impatt diode usedkhere.

)

When cons1der1ng the heat flow through reg1ons of the semi-
conductor diode which lie outs1de the immediate v1c1n1ty of the
junction, Eqs. (3) and (4) have to be considered. These‘equations

| haye been plotted in Fig. 5. 8(33)as a function of the paraméter g
Dt/yz. Cons1derTng the physical structure of the Impatt diode given
| in Fig. 5 7, an appropiate value for y would be 2 microns, t;;n us1ng
D=0.8 cm /sec for s111con and t=200 nanoseconds, the parameter Dt/y
is evaluated as 4.0. With reference fo Figs.5.7 ahd 5. 8, it is
- observed ~for durations of the ma1n bias pulse of 200 nanoseconds’or ‘
less, that heat flow from the Junct1on area has penetrated only about,
half the n' region. Therefore, the relatively poor heat sinking at -
the.wirevbond gﬁoﬁ]d have Tittle influence on the junctioq temperature
fof the ]éw repetitién‘rate of pulsed bias operation used here. The
.heat flow through the p+ Fegion'has only a few microns distance to
travel before reaching the heat sink, Hence, the heat flow through
— t—he~fs>fr—~1ﬂeg—i—on'~w>ﬂ-]--~~be“‘t'h'e'*gCJve‘r'nT'‘n’g‘”fa‘ctor"'1"n“'d‘e’te'r‘“m‘im‘ng‘"’ch.‘é’'j‘[x'r’f'c""c1'."0?1’"''~ )

temperature.

~ From the reéu]ts given here and those reported earlierf32’332
the simplified thermal model, represented by Egs. (3), (4 ) and (S) would
appear to adequate]y descr1be the heat flow 1n the region of the semi-
‘conductor Junct1on_under pulsed pias conditions. ~ It is likely that ihe

thermal model only describes the heat flow during the first 30-40 nano-.
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{conds and then the heat flow from the &e]at1ve1y sma]] s111con copper

_1nterface to the larger copper stud, becones 1ncreas1ng1y 1mportant

However, this is a more comp]ex problem where more than one- dimensiona1
ana1y51s may have to be used and 1s beyond the scope of the _work

being carried out here.

!

5.4 Computer Mode]]ing of Therma] Properties B ‘ | \

A

From the steady- state thermal- propert1es of the Impatt\d1ode
it is known that the junction temperature is ddrect]y re]ated to '
the junction breakdown voltage. Thus, for a given value of reverse
bias voltage across the/d1ode Junctlon, an increase in the Junct1on
temperature of a certa1n amount is taken to correspond to a known
decrease in the effective b1a§ vo]tage applied to the Jjunction,
therefore, the effect of junction temperature changes can he 1ncorporated

in the equat1ons of the computer model as a change i1 the d.c. bias

. vo]tage app11ed to the d1ode "With reference to the orma]]zed’

equat1ons given in the previous chapter, Egs. (7)— and (14) Section. -

4.2, the term VB 1n the e]ectr1c field equation represents.the

~b1as vo]tage applie® to the diode and it would be th1s term that

would be varied with time to account for the changes in the Junct1on

temperature

- To provide an accurate compar1son between the computed and
/

exper1menta] resDQts both the decreas1ng current through the d1ode

.and the 1ncreas1ng main voltage pu]se across the diode (refenence F1g

r

5.4(a)) were taken 1nto qccount In the computer model the b1as voltage
applied to the diode Junction-(v ) consisted of three components the

) ]

S
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fixed bias voltage set at the main pu]séf (Vm), the voltage dfep L
across the 16. 67 ohm resistance, at measurement point A, due to the
current flow in the/g1rcu1t (VR) and the change in the breakdown
,vo1tage due to the 1ncreas1ng Junct1on temperature (V ) The net
bias voltage applied to the junction is denoted VB and can be written
9 o :

as

v=v-v;—vT ' : _(1)

where the values of Vy are taken from the experimental resu]tsrahd

both Vo and Vo will change with time.-

In arr%ving et a relation that wbu]d describe the time (t)
dependence of VT? Eq. (g) sub-section 5u3.2, was reg]acedkwith,a
»c]oeer'approximation to the experimental results by usfng a v+
dependence from 0 - 40 ‘nanoseconds and a linear dependence on t from
40 - ZOO%hanoseeonds. Following the seme procedures as qutlined fn

Chapter IV, where the scaled time (1) was used, the following relations

for VT were obtained:

- for o 5 t < 40 nanoseconds 0 < 1< 400
VT = 0{0057’/?  for the 15 ma current Tevel
V; = 0.0084 /7 | for the 30 ma current Teve]
#ﬁ? for t > 40 nanoseconds T > 400
Vs = 0.0001 | for the 15 ma current Tevel
VT = 0.00017 . for the~30 ma current 1eve1v

When these values were app11ed as VT’ the computed resu]ts were found
to be pract1ca11y identical -9 the exper1menta1 resu]ts in the t1me

' variation\of both the diode current and the main bias pulse (reference
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" Fig. 5.4(a)). The computations were carkié(fbut using room temperature

data for the ionization wrates. 5

5.5 Summary

. Yo
In this chapter, both the steady-state and the transient

thermal properties for a type“of‘Impétt diode have been 1nveétigated.

A double-pulse method has been used which permitted measurements of the

junction temperature to be carried-out to within 5 nanoseconds of the
onset of the bias vo]tage pulse. These studies have related the
[4 '11 . . .

experimental measurements to a theoretical model for heat flow in a

semiconductortgnd also to_thepcomputer modelling of thé Impatt diodé.

' Good agreement has been obtained between these three aspects of this

study.

A study of the time dependence of the junction t;:;;>3ture

1 was carried out by measuring the time dependence of the junction

breakdown voltage and the steady-state relationship betweén the junction

‘temperature and breakdown voltage. These two sets of measurements

were conducted over a range of temperatures from 20°C to 150°C. It

was found that the relative change in,junction temperature, during the

application of a bias voltage pulse, was essentially the same for the

entire range of heat sink temperatﬁresb uséa here. Byréiféﬁa}hg'thé

measurements to include the time inferya] of 100-200 nanoseconds after

the onset of fhe bias pulse, it_was possible to compare the results
k(32) ;

with previous]y_pub]ished wor The resulting comparison showed

good agreement Ln the change of junction temperatufe with time. A

- temperature of 150°C was the upper limit of the measurement system as

TN,
;)

—
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it was used here. The main ]1m1t1ng factor is the method used tohho]d
~and heat the packaged d1ode *Electrical interconnections have to be
kept short to preserve the system response to the fast. r1se time pulses,
while at the same time, the high heat sink temperatures should not

be applied to the bias vo]tage pu]sers Extens1ve design work may

have to be. carr1ed out if heat sink temperatures greater than about’

150 C are to be used w1th this method.

A theoretical model of the time dépendence of the junction:
temperature was arrived at by consider.ag a one- dlmens1ona1 ana]ys1s
of a semi- 1nf1n1te sem1conductor with a we]] defined ]ocat1on of heat
generation at one end This heat flow mode] gave good agreement with
the exper1menta] resu]ts but the model w1]] be Timited to represent;ng
only pulsed operation of the Impatt diode. It has beén found, for the
Tow pu]se repetition frequencies used here, ‘that the poor thermal
path presented by the bonding wire in the diode package will have minimal
effect on the junction temperature. However, there will be an upper
limit on the pu]se width and repet1t1on rate, above which the the“mal

path presented by the bonding wire will affect the time dependence of

the Junct1on temperature. Then, a much more détailed ana]ys1s of thn

Vheat flow in the diode and 1ts package would have to be carried out. _ -

Incorporat1ng the time dependence of the Junct1on temperature
into the computer mode] of - the Impatt diode was readily carried out.
A simple var1at1on of the s1mu1ated d.c. bias vo]tage sufficed to
reproduce the exper1menta]]y observed var1at1on§k1n diode current and

bias voltag.  Since the Junct1on temperature mainly alters the diode



o v : -

;current, as long as the computed and experimental ‘results -are compared
onp the basis of similar diode currents the effects of Junct1on temp-

°

erature changes ‘on th1s comparison, should be m1n1m1zed g

In the fd}:?ntng work on transient impedance stud1es of .

‘edge of the behav1our of junction temperature

5 .1:"‘“ '

as a function of the duration of the blas voltage pulse will be -

important. The buildup of R.F. osc1]1at1ons in a d1ode coup]ed cav1ty
- I

can be of the order of 100 nanoseconds,.1n which t1me the Junct1on
temperature of the d1ode may change apprec1ab]y, 1ead1ng to changes] in
the electronic impedance of the diode and thus frequency changes in
the R.F. If the bias pulses are of short duration (less than 40 “
nanoseconds) then the effecte of the junction temperature change wili

Q

be significantly recuced and may even be able to be ignored.in =~ = ¢

certain circumstances.
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CHAPTER VI
3 o D
* _ TRANSIENT MICROWAVE IMPEDANCE MEASUREMENTS‘
o "”(3 : '. : N ) T e
6.1 Introduction o -
' ' % / : v

Impedance med%Urements prov1de an 1mportant means of study1ng

the m1crowave propert1es of Impatt diodes and are essential when des1gn1ng

amplifier and 05c111ator circuits for these diodes. Several authors(37 -40,25)

he .
have published methods'and/or results of microwave impedance measuremer ¢s
on packaged diodes. At of these measurements have been made under jV’

steady-state conditions. - The’ usual procedure is to measure the adm1ttance; .

1moedance<%t the packaged d1ode at some conven1ent reference p]ane,
then transform the results through an appropiate equiva1ent circuit to
arrive at the adm1ttance/1mpedance of the sem1conductor d1ode ch1p itself.
The impedance measurements mentioned above are a]] performed by measur1ng
the Vo1tage{Stand1rg Wave Ratio (VSWR) or the voltage ref]ect1on coefficient
(r) in a transmission iine . (The general re]ations between VSWR, T and

impedance are given ir Appendix B).

¥

Even though 2 Jot of work has been carried out in improving the

microwave measurement techr- ques for Impatt d1odes, they are still 11m1ted

.~ e

~in the1r abso]ute accuracy The magn1tude of the packaged d1ode s negative
res1stance is of the order of 10 ohms, or even much 1ess, for practgca]
diodes. Under cond1t1ons of ]ow d.c. currents, high R.E. voltages or

maximum power output, th1s~magn1tude can be as low as 1 or Zzchms.
| (41)

claim that it is questionable whether the standard

T

~Van Iperen and Tjassens
. M 3
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Py
'SWR )r%ref1ectjon coefficient measurement techniques are -ensitive
enough to.produce highly accurate resulté. at these low magnitudes. They
v-adyocate the use of a microwave impedance bridge technique that réqujres

a very stable frequency source and some critically machined components.

The accuracy of "the measurements is further restr1cted because
‘the Impatt diode is a non-linear device and some harmonics of the funda-
mental frequency will be produced dur1ng the active measurements. MoSt
measurement equipment does not possess sufficient bandwidth to- hand]e the
second harmon1c component A]so,Leven sma]] d1scont1nu1tTes.1n,the
measurement equ1pment and transmissioh 11nes u¥ed can'cause the'second

~

(harmon1c component of the R.F. frequency to become s1gn1f1cant at R. F

’ (25)
vo1tage magn1tudes of on]y a few volts

Therefore, all 1arbe s1gna1
m1crowave impedance . measurements were performed w1th R.F. vo]tage ]eve]s v

A
in the range of one'volt (r m.s. )

To date, a detailed compar1son on the accuracy of the varwous

-app11cab1e 1mpedance measurement methods has not been carried ougdiito
;;th1s_wr1ter s knowledge. However, the_standard.measurement methog: have

_ been used, with satisfactory accuracy, to perform similar 1mpedancefmeasuree,

ments to those required for the Impatt diode. Therefore, it is reasonab]e

to expect that presently ava11ab1e measurement methods are suff1c1ent]y

: accurate to. uncover. the 1mportant behav1ora] character1st]cs of the diode's

microwave impedance.
oL A

The prev1ous]y ment1oned measurement methods are su1tab1e only

for steady state operat1ng cond1t1ons Under transient cond1t1ons, the
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“.diode tmpedance is a function of time, and as a result, the measurement
techniques used mustfhave the capability of,disb]ayﬁng this time- - dent

1mpedence_over the time and impedance range-of interest.

A}

6.2 Transient Impedance by Direct Comparison of Voltage/Curr :n: Waveforms

This method(42’43),requires recording of the R.F. vo]t;ge wave-
forr across: the diode as we]i"as the current waveform throuch the diode.
These recorded.aneforms are. then Founfer analyzed and the tundamenta]
frequency oomponents compared to yield the desfred admittance oh
1mpedance _ If these waveforms can be monitored during the r1se and fa]]
t1mes of the b1as voltage pulse,: the trans1ent behavior of the- d1ode S
u$1mpedance can be visually observed. This method would be very useful for
f”mon1tor1ng the build up of osc111at1ons in a cav1t{/§nd the effect of

this build up of R.F. osc11]at1ons on the coup%ed/lmpatt diode.

In theory, th1s general ty?e 5f_1mpedance measurement r- - ad
is-very \ _rsatile. However, its usefu]ness is restricted by the p.act1ca1
d1ff1cu1t1es that arise when the method is actua]ly 1mp1emented 'The

cav1ty osc1]1ator method” and the "a1r ine tee wmethod" to be descr1bed
,.beiow, are_d1scussed to emphas1ze the practica” pr slems of conduct1ng
transient impedance measurements and also, to i]]ustrate the“11mitations

of actual meesurements thdt are made. Both of these methods have been

Yyoosa

tested .and the1r 11m1tat1ons, a]ong with suggested so]ut1ons, are presented.

1

6 2. 1 ‘Cavity Osc111ator Method -

Th1s‘part]cu1ar measurement method is very versatile, as it is _

4
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possible to carry ‘out 1mpedaqce measere :nts under a variety of operating-
“conditions. In th1s mqﬁhod the diode is placed in a cathy tuned to a
specific ffequency. ‘hen, the R.F. voltage in the cavity and the R.F. A
current through the diode aré monitored on a samp]ing'osci?]oscope
alternately, an.osci]]oscope—driven-'cﬁart recorder can be used to give an
enlarged presentation .’ the waveforms. The waveforms are- then directly
'compared in magnitude and phése, or Fqurier ana1y;ed, to give the admiftance/
impedance measured. The use o; a'simple, fixed.fkequency, cavity enables

N

the measurement set up to be utilized in e1ther the R.F. dr1ven state

or the self- osc111atory state.

In the R.F. driven state, the cav1ty is suff1c1ent1y 1oaded
so that the coup]ed diode will not self- oscx]]ate and R.F. voltage is
eupp11ed'by an external source, via the part wh1ch norma]]y_is the cavity
output. When the self oécilletory state is employed, the cayity is Qn—
loaded .to the extent that se]f—osci]lations w111'occh& Then the loaded

Q of the cav1ty can be varied and the bu11d up of osc111at1ons observed -

foraine various cond1t1ons of the external c1rcu1try

“Utilizing a combination of these two_dperating states, extehsive
experimental heasdreﬁents,can be made. fhe measurement system is shon ‘
in Fig. 6.1 and'an expénded view of the cavity is giyen in Fig. 6.2. To
ensure thét onTy the TEM mode exists in the cawity, even at the second
harmonic of the R.F. frequency, 7 mm ‘air1ine was_usedﬁfor the cavity

‘construction.  These diode cavities were of the single-transformer,

52

fixed-frequency type, 50‘thet they could be fepresented by a simple
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/ ' -
equivalent circuit. A change of operating frequency required a change of
o
‘center conductor (due to spring loading the diode contact); however this

. was a straight forward procedure.

. The R.F. current waveform through the diode was monitored by
the voltage developed across a one ohm disc resistor“p]aced in Sertes'with
the packaged diode and the copper heat sink. Monitoring of the R.F,
‘voitage was carried out by a‘capacitive probe located 1n the vicinity of
the diode. The system could be ca11brated by measur1ng the packaged ‘diode
1mpedance at selected b1as voltages (below and just at breakdown) in
the cavity and then comparing these results with carefu]iy made VSWR

‘measurements of the packaged diode by itself.

A]though th1s measurement method has a~wide scope of poss1b]e )
uses, it suffers from pract1ca1 11m1tat1ons ~The more restr1ct1ng of
these limitations are outlined below: |

— For.accurate measurements, it ts necessary to place the

current viewing reststor as close-as possible to the
packaged d1ode However, 1ocat1ng the res1stor between
.‘the packaged d1ode and the heat sink p]aces an upper 11m1t
on the steady-state ‘current Tevel through the diode. This
ts due to the re]atiVe1y high thermal resistance through
the ceramic base of the disc resistor. -It.is not practica]
to reverse the diode ‘package, as then- the center con-
ductor of the cavity would need to act as the heat s1nk

"and its thermal resistance is not satisfactory either. The
' L
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upper 1imit on the steady-state cu rent flow is there-
fore only a few milliamperes which,-for mqst dioae§, is
not sufficient for sé]f osciTTation to occur. By using
gpecial ceramic bases for the thin film resistors, such
- as Befy111a*, the thermal conductance can be improved, but
is still Tower than Wou1d.5e the case when the disc is
not present. Thu§, the d.c. biés current is }1mfted to
wa1ue§ sUffiéient to produce 1ow-1evei C.w.’oscillationg

and, in the pulsed mode, the diode is limited to.low duty

cycles.

— .To provide sufficient sensitivity, the depth of penetratibn -
“and the diameter of the vo1tage probe have certain minimum
values. gzf\lhﬂe to ensure that the entry port of the probe
¥ does not unduly disturb the €lectric field in the ééQity;
this entry port has a maximum diaméter; The result is
“that the coaxial impedance p:>scited to the cavity by the
entfy.port of'the’voltage probe gﬁdvthe¢physica1 presence
of tﬁe‘probe itself, coﬁstitute sufficient 1oéding of
the cavity that self-oscillations are not possib]ef There- -
fore, the measurement system is Timited to the R.F. driven

mode of operation.

*

A1 Si Mag Beryllia Cérami?s (frade néme) America Lava Corporation

Chagtanooga Tennessee.
C )
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~

— In‘the R.F. drivén mode of operation, wifh Tow duty cycle
bias voltage pulses applied, cerfain pr6b1ems arise. In
order to ‘ensure that the dipde wi]]ﬂnear1y return to the
nominal heat sink temperature after application of gach
bias voltage pu]se,‘the pulse repetition frequency_ﬁas‘an.
upper limit of abouf_]OO KHz. The frequency of the driving,
R.F. is about 5 GHz and this must be "counted down" to |
100 KHz to synchronize the app11cation of tﬁe bias voltage
pulse and the driving R F. This synchronization is
necessary so that the‘disp1a/ of the:R.F. voltage and current
waveforms can be corre]aped:to the waveshape .of the bias
voltage pu]Se.~ it is difficult to accomplish the fréquency ‘
divisien, or count down;tﬁf the driving R.F. voTtage,
from 5-GHz to 100 KHz and.sti]1 maintain a sufficjehtly

high degree of stability to ensure proper synchronization..

This measurement syétem is readi]ylset up, with a miﬁimum of
équipment,‘and is versatile'in nature. HoweVer; the 1hhérent pra;tica]
limitations én;ountered'in the actual 1mp1ementatf0n of the system, réstrict
its usefulness. The difficulty of counting dowh the frequency of;fhe R.F.’
voltage by a factor of 5 X 104 can probably be'reso1ved with commercia]]y
available equipment, but the 1oqding effects of the cabacitive Qo]tage

probe will require extensive design work being carried out.

6.2.2 Airline Tee Method

This method is similar in principle to the previously discussed

cavity oscillator system;' The R.F. voltage across thé diode is compared
B
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with the R.F. current through the packaged diode to arrive at the
microwave impedance of the packaged diode. A]fﬁough the air]ine>tee”is
Timited to the R.F. driven mode of operation, it hes the advaneage that
_the R.F. voltage across the diode is single frequency and free of second
harmonics. This is accomplished by terminating the incident R.F. voltage
n}precision connectors and terminetions that are readily available with

the required frequency bandwidth.

The physita] equipment layout is the same as that given in
. Fig. 6.1, only the diode holder has changed An expanded view of the
diode holder is given in Fig. 6.3. Th1s diode ho1d1ng unit is similar

to chat used by Johnston(42)

in the measurement of the switching times of
. 1-n diodes In the diode hotder of F1g 6 3, the R F. voltage at the
pos1t1on of the packaged diode is m0n1tored by a capac1t1ve probe and
the R.F. current through the diode is monitored by a current viewing
resistor. The current viewing resistor is commercially avéi]ab]e and
'is specified to have ah impedance of one ohh real part, with negTigeele
imaginary part, to frequehcies beyond 12 GHz. The use of 14 mm air]%ﬁe-,r o
g@as necessitated by the physical dimen;ions ef the packaged diode‘and the
need for a spring-loaded contact in the center conducter of the air]jne.
The physical size of the voltage prebevand its entry port.in?o the aiﬁ]ine

were the same as that used in the cav%ty osti1]ator method. Therefore,

minimum distortion of the electric field was ensqred.

Similar to ‘the cavity oscillator system, the use of the current ‘

viewing resistor presents heaf-sinking problems and the airline tee
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i

is mot a severe restriction, as transient behaviour can st111ﬁb$
The trigger synchronizing problems inherent in this type of operaf“
can be circumvented by using thelmodified equipmenf set up showg.}n
Fig. 6.4. Here, the monitored R.F. vo]tage and current for the packaged
diodg]arekdown'tonverted to about 500 MHz and disp]ayéd on a reé1 time
,oscifleCOpéHWith.sufficiént frequency bandwidth. The. various delays

in the measuring é??bu;té\céh be adjusted so that a simultaneous
oscii1oscbpe display of tﬁ;\E?ES‘voltagé pulse and the down converted

voltage or current waveform is possible. One’]imiﬁation\igherent in the

—
—

use of the down conversion of frequency, is that the second harmonic

&

component in the current waveform may be lost.

During the calibration of the meqsuring system, it soon became
apparent that there were serious practical limitations that restricted
the accuracy of any actual impedance measurements. The more serious of

these limitations were the fo]]owi?@:

"— Due to the necessity of supplying tﬁe'lmpatt diode w;th
a high d.c. voltage for reverse biasing, the termination
. end of the diode holder has to contafn a d;c.»bTock.
" This means that a sma]],'but fiﬁite, VSWR (~1.1) s
- presented to the incident R.F. driving voltage and any:.
’?second‘harmonic component génerited by the diode. A
similar situatipn exists at the driving termination due

to the bias tee. Thus, there 1s some distortion of the

electric field across the packagéd diode caused by re-

f¢%ctions and some component.bf‘the second haernic may be
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present. This effect could be minimized by careful

design of the terminating end of the diode holder unit.

—  The combination of the diode holder in the airline center
ot conductor and the physical length of the packaged diede
has thé electrical effect ef’a shunting inductive post
across the coa*ial airline. This post effect is )
large at the fundamental frequency of interest (~ 5 GHz)
that it masks the'behayioUrof the diode during the
impedance measurements. This ihduttive post etfect can
be tu~~d out by p]acind an adjustab1e\R.F, short at the
term1nat1on end of the airline tee. After the 1nduct1/e
post effect was tuned out, the variations in the 1mpedance
of the, packaged d1ode, with changing bias vo]tages, were .
readi]y observee in this measurement system. However,:
it has"ﬁifficu]t to arrive at calibration factors thet_
- would provide a c]osEVQQmparison betWeen the measured
1mpedahces and thossfghownkvalues_fdr the same btas volt-
ages. In general, attempts at ca1ib}at10n proted to be

‘difficult and unreliable.

S1m11ar to the cav1ty oscillator measuring system the airline
tee system is restricted in its usefu1ness by ‘the pract1ca] d1ff1cu]t1es
of actua]]y implementing the measuring system A possible so]ut1on to -
the 1nduct1ve post effect wou]d be to des1gn the center conductor Gt/the

“coaxial airline in such a way that the physical separat1d*gbetween the
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inner and outer coax1aT conductors, would be equaT to .the height of the

by

diode at thermeaSUTement pTane of reference,

"",-a'

accompT1shed U% fs1ng tapers or three-sect1on, quarter wave- transformers
: Yo

l "\“.: ;'i&' ’

to g1ve the necessary 1mpedance match1ng over the frequency range of

' This coqu realey be

,1nterest ‘ _av”,-

6.3 Transient Impedances by Carrier Reinsertion

The major advantage of this measurement method is the 1nherent
s1mp11c1ty of its operation. Although the method is restricted to the
R.F. driven mode of operat1on; it has, few other Timitations The

. equipment Tayout is given in F1g 6.5 and an expanded view of the d1ode

Y

holder is shown . 1n Fig: 6.6. , \§

The genera] principlie of operat1on is ,that the packaged diode
is mounted in a coaxial honer wh1ch is attached to a coaxial four port
hybr1d This. hybrid separates’ the 1nc1dent and refTected R.F. voTtage

waves. The refTected voltage wave and a- port1on of the jncwdent voTtag
Twave are seoarate]y routed thirough switches, to a wavegu1de fourapqgt
vhybr1d (mag1c tee). .In the magic tee the R.F. voltage waveforms are v
) appTied to a crystaT detector:, The switching circuitry allows the re—
flected and 1nc1dent s1gnaTs to be. app11ed to the detector either sing-
u]arTy or as a sum The R.F. crystaT detector g1ves a d.c. output VQ]t“,ﬂ
*age whose level is. proport1ona] to the R.F. s1gna1 sampTed by the ‘
qugyctor These detected TeveTs are d1sp1ayed on a real time osc1]Toscope

.and then recorded w1th a poTaro1d camera. . The resuTt1ngboscqﬂToscope

‘traces on the f11m are then-anaTyzed to g1ve,the'comp1ex reflection

e

coeFficient. U | o
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Thus, the major limitations of the pneviously discussed

. measurement methoos are overcome. Tne driving R.F. voltage is’supptied
from a free running source so that the proo1ems ot synchronizing the
driving R.F. source and the bias voltage pulser do-not exist; The
current viewtng resistor is only used as a means of determining the
cugrent pulse- through the d*nde to serve as a reference level for the
compa son of the computed and experimenta1 resu]ts: During the actual
impedance measurements the diode pe age is in dinect‘contact w{th the
cbpper heat sinkz Measurement sensitivity is good and the calibration
procedune is straight forward and accurate. There are some restrictions
on the measuremeht system,as 1& was used here, but the results obtained
shou]d have s1m11ar accuracy to those taken by VSNR/ref1ect1on coeff1c1ent

measurements under steady-state operating conditions.

The practica] limitations of equipment availability and,the
desirability of the coaxial mount for the packaged diode, necessitated .

o

the uSe of both cdaxial and waveguide components in the measuring system.
' The equipment Tayout can be divided into two major divisions, one

consisting of coaxial components and.one cons1st1ng of wavegu1de components.
The m1crowave aspects of the measur1ng system can similarly be divided
along d1v1s1ons of coax1a1 and wavegu1de components and will be d1s/y§sed

accordingly.

6.3.1 Biasing and Separation of Ihcident and Reflected Signals

With reference to Fig. 6.5, the biasing andvseparationrfunctions

are carried out in the coaxial part of the>measorement system. The
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incident R.F. voltage, plus the d.c.-and pulse bias voltages, are supplied
to the packaged diode by a bias tee. The coaxial directional coupler has
very little effact ubon the system operation and the d.c. open - R.F.
_term1nat1on on port-four of the circulator is accOmp11shed by usirng a co-
axial to waveguide adapter with a waveguide term1nat;on There ‘are

twe critical aspects of the equ1pment arrangement which will be discussed;
one is the rise time of the bias voltage pulse at the d1ode ho]der and

the other concerns the frequency bandwidth and R.F. isolation of the

four-port hygrid.

o~

G1ven a voltage pulser with sufficiently fast rise time, the
rise time of the bias voltage pu]se at the d1ode holder is gtverned by
the r1se time of - the assoc1ated circuitry. Since the diode holder 1$
mated to a conventiona] 50 ohm APC-7 connector, the measurement of the
bias voltage p‘?se at the diode ho1der can be obta ned by d1rect1y connect-
ing the mat1ng 'APC-7 connector to the 50 ohm inpu® of the osc1]1oscope.
By monitoring ti= direct output of the pulser, (position A Fig. 6.5) it
“was found that, placing thé 50 ohm impedance of‘the‘osc11ioscbpe_
channeTbor a conducting Impatt diode, at the diode holder, vehy'simi1ar
‘Toading effects‘were observed on the pulser output. Thus, the bias'
pujse voltage measuhed by the SQ ohm impedance of tha qsci]]oscope was
a'tTOSe approximation‘to the actual hias pulse across the packaged dioda.
'anma11y, the rise time of the bias voltage pulse at the diode holder is
__about 10 nanoseconds. This hise time cah be decreased to about'S nano- -

seconds by a judicious choice of capacitors placed across the output
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termina]s of the d'c power supply. This rise t1me 1s ma1nta1ned as .
long as the rise time of the b1as voltage pu]ser is- greater than 5 nanosec-
onds. The bias voltage rise time at the d1ode holder can be decreased
to approximately that of the pujser by redesigning the diode holder so
that the heat-sinklis{e1ectr1Ca1ty insulated from the system ground.
Then, the bjas vo]tage pu. ar 1s‘app1ied between'the diode and the system

\

ground. This was not done in the v ureme®s carried out here, but PR

was tested :;;;n@*the work on the ce ity osciﬁ]ator measurement“hethod.'

- The character1st1cs of the c1rcu1try at the m1crowave fre-
. '.~’ i
‘ T

~ quenc1e§ used are mainly det:o \mla ! by the frequency bandwjdth and R.F.
isolation of. the coaxial ¢ 'r-' or ci ‘1ator As the d1ode ho]der is
N\
constructed us1ng a pre isiun 50 olan con- e(tor, it has exce]]ent

character1st1c5‘(VSWR < .05) to “reque cies beyond 18 GHz However,
the four-port c1rcu1ator is Tiin a4 w one octave of frequency bandw1dth
and 0uts1de this frequency range.1t presents a h1gh1y reactive’ 1mpedance |
2 Thus,.any second harmonic components generated by the Impatt‘d1odev |
' would be largely reflected from the circulator and confined within the diodeff
.mount. In this situation, the R.F. voltage incident upon the Impatt |
diodexwill have some second harmoniC'component present. This is a
, simiiar situation to that encountered in steady state 1mpedance measure-
ments and will Timit the magn1tude of the 1nc1dent R.F.cvo1tage to the
ordergof one vo1t SO that any effect'from.secondkharmonic components
Will be minimized. | | .
~ Another important aspect of the. character1st1cs of the four-

port c1rcu]ator is the isolation between ports 1 and 3(see F1g 6. 5) This
A _ _—

N
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isolation describes the degree by which the incident R.F. is prevenfed
from gaining direct access to the path of the reflected signal. The
1so]at1on of the four-port used here was greater than 20 dE Jetmeen ports
1 and-3,ja larger degree of isolation would be.desirable however, 20 dB

was found to be acceptab]e.

The measuring characteristics of this circuitry at microwave
'frequencies could be jmproyed by increasing the frequency bandwidth and
R.F. 1so]ation of the four-port hybrid used to separate the incident and
reflected R F. signals. Th1s will not be a s1mp1e matter, as coaxial
components will give two- octaves of bandw1dth but the isolation will be
"marginal. wavegu1de components w1T1 give the h1gh degree of isolation
required 59t the frequency bandwidth will be narrow. A poss1b1e
1mprovement may be to use a broad—band 3—db directional coup]er with
very high d1rect1v1ty, a]though this w111 resu]t in the Toss of one

ha]f of the reflected signal.

6.3.2 R.F. Detection Subsystem

 With reference to Fig. 6.5, the R.F. detection takes place in
the waveguide:part of the measuring system - The aanntages of-ustng
wavegu1de components are that prec1s1on components are read11y available
and these components have very 1ow R.F. 1osses' The most 1mportant part
'of the waveguide portion of the measur1ng system ts the four port

\Y

hybrid (magic-tee) R.F. detector arrangement;shown in’ F1ga,6.7. The

. ~ ¢
magic-tee was not specially compensated, but, was tested and found to have

equal power .division from both the‘"E" and "H" plane ports, while main-

tainingia-hﬁgh degree of isolation between these ports. Only one of the

K

A . "
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ENTRY PORT FOR
REFLECTED R.F.
' CRYSTAL DIODE
E-PLANE PORT R.F. DETECTOR IN
- WAVEGUIDE MOUNT
WAVEGUIDE - T i
MATCHED -~ | S H-PLANE PORT
TERMINATION . o ENTRY PORT FOR

INCIDENT R.F.

FIG: 6.7 MAGIC TEE PORTION OF R.F. DETECTION
| SUB-SYSTEM = :
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o

)

sum and difference ports was used, as it was found that the outbuts of
these ports are very sensitive to impedance mismatches at their opposing
member. Therefore, one of these ports was match terminated with a high

quality waveguide load and the other was -used for the R.F. detector mount.

The R.F. detectoy used‘was an integral part of a waveguide to
coaxial adapter and presenﬁed a very good 1Mpedénce match to the magic ‘
tee (At the measuring frequency the R.F. detector mount had a VSWR1.05);
this detector used a conventional broad-band diode. The sensiti&ity
“of the R.F. detector.was increased by applying a small forward bias to
the detector diode. Thfs increased sensitinty is essentially due to
improved impedance matchiﬁg between the detector output and its load.

The R.F. detector is designed to be loaded by a high impedance (specified
a§ > 75 Kilohms) and if a FET probe is used (1npﬁt impedance of 1 megohm
shunted by a'capacitance of 3 pf) high signal Tlevels are reéorded.from
the detector output. But the response time of the detection sub-system
is ~ 14 nanoseconds even with dété&tor biasing. fhis slow response time
is due to the high R.C. time constant of the detection system. - To

reduce the time constant, the detector was loaded by the 50 ohm 1nbut
impedance of the oscilloscope channel and then‘biased for best sensit{vity.
w1th'this_arrangement, the response time was better than 5 nanoseconds
and the sensitivity was sufficient.. Detector biasing was accomplished, -
as shown in Appendix C, through ; BNC tee fo aVoid any unnecessary

introduction of additional capacitance.
. : ° '

The sensitivity of the R.F. detection part of the impedance

measuring system could be enhanced by using a more sensitive'detector ‘

v
Al
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- diode. R.F. detection,over a-broad frequency band is not necessary
as the frequency bandwidth of the magic tee will jimﬁt the R.F. signals
to their fundamental component dn]y. -Reso1ut1dn of the display on
the oscilloscope and the subsequent pictures was not a limiting factor
here - The oscilloscope used had a frequency bandw1dth of 500 MHz and
the same channe] was used to ca11brate the measuring system, and record
the reference levels for all the detector outputs. The accuracy of
jransferring the data from the polaroid pictures is quite goodﬁif the

transfer is carried out-carefu11y1 ' v

b

6.3.3 Calibration of MeasuringuSystem

Before anye?mpedance measurements ‘can be carried out, the
system as a whole must be calibrated. This is accompliehed by taking
the reference'plane for the measqrements to be the physical location of
the large flange on the Impatt diode, as shown in'Fig. 6.61 This 1is
the most convenient reference plane to take, as it can apply to any

1mpedance measurements that are carried out on the d1ode package

P]ac1ng the APC-7 e]ectr1ca1 short in the APC-7 part of the
d1ode ho]der (i.e. at the reference plane shown in F1g. 6.6) the
magn1tude and pnase of the’inCident and reflected R.F. voltage waves
Vi'and VrcxespectiveTy, are set such that

lvr, =<|V1'|

= 0.0

lvr + Vil k ) . - ! \

This calibration routine accounts for the electrical losses in the pathé
travelied by the incident and ref]ected s1gna1s and also is .used to set

the reference level of the 1nc1dent R.F. voltage. Once this part of tne
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calibration procedure is carried out for a 'specific frequency, the

setting of the attenuators and phase shifters is fixed.

As shown in Appendix B, to calculate the complex ref]ecttpn
coefficient from the 1nformationbsupp1ied by the oscilloscope traces
two}constants need to be evaluated. The values of these constants}
are arrived at by comparing the impedances measured by the ref]et&i@n;
coefficient system w1th thos® given by carefully made VSWR measurements.
S1nce the measurement plane of reference on the d1ode package is the
‘same for both types of measurements, a direct comparison is possible. éE?(?
The VSWR measurements were taken on Impatt diodes that were reverse biased
below breakdown. These diodes were the same ones that were used later
for the transient impedance measurements Also, these VSWR measurements
were repeated to ensure that the high values of VSHR present did not

|
Jead to inaccurate impedance calculations.

The general procedure was to select an Impatt diode4and carry

4 3 L ‘
out the VSWR measurements at selected values of reverse bias below |
breakdown. Then.this same Impatt would be transferred to the reflection

coefficient measurement system and, at the same selected values of

reverse bias voltage, the impedance would be measuréd.

A comparisdn of the VSWR and ref]ection coefficient measure-
ments determined the values of the resuired constants. Then, the tran-
sient 1mpedance measurements were carried out before the Impatt diode

was removed from the reflection coefficient measuring system.
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6.4 Eiperimenta] Measurements

\
t

The hermetﬁcaT]y sééléd package iﬁ which the‘sgmiconductor
diode 55 mounted, serves fo»protect the delicate p-n junction and also
to provide coupling from the diode chip to the external circuit.
"Consequent1y,.the semiconductor diode terminals are not actessib1e‘fgr<: >

direct impedance measurements. In the process of arriving at a value "

I
Y

«of the semicohdyctor impedance (Ze) two other impedances need to be b
conéidered. These. associated impedances are the 5étua1 measured impedance
(Zm).ahﬂ the %épédaﬁce éf‘the~outer reference surface of the diode

packége (Zp). The va]ﬁe of this trans?b%ﬁgg{ﬁrgm its rgferencg p}ane

S

to the reference plane of Z by an equival en TRk Eﬁ@ﬁ§h§$§ determined

T

by the measurement circuitry used. The'reference7b1§hé§f6pf2p i$ the
outer surface of the didde'package and the equivalent circuit of this

'package transforms Zp to Ze.- .

'The use of. the 50 dhm mounting system for the diode package,
shown in Fig. 6.6, greatly simplifies the transformation of Zm to Zp
(37,41,44).Since the impedance transformations 1nvo1ve the use of ]umped
“element equiVa]ent'circuits to represent‘distribﬁtéd‘effects, the
Simp]er thevtransformations to be representéd, thefmore repreéentative
the equivalent circuit.. THe mbunting system used here Has the dual |

advantage of simplifying the caicu]ations as well as contributing to

jncreased accuracy of the impedance transformations.

/ The Impatt diodes used in this work were commercially obtained,
Hewlett-Packard modé1 5082-0437 diodes, encapsu}ated in the common pill
with two prong package. (whose outline is illustrated in Fig. 6.8,.

/s
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A1l measurements were carried out at frequencies in the range of 5.7 to
8.3 GHz and hence were close to a common carrier microwave communications

frequency band.

6.4.1 Derivation of the Diode Package Equiva]ént Circuit

As stated in sub-section 6.3.3,'theﬁreference plane selected
for the imbedance measurements was the large t]ange on the diode package

-

. shown.in Fig. 6.6. This location of the refétque plane was selected
as it: was also the reference plane of the electrical short used as a
reference for both thé ref]ection coefficient and the VSWR measurements.
Tg%ﬁeéZiva1ent circ%;t ﬁehvrepresenting the transformation of the
impedance measured at the reference plane (Zm) to the impedance at the
outer sUrface of the dTode package (Zp) was arrived at by using a metal
diode of the same physical d]mens1ons as the real diode package. It_
was determined, by VSNR measurements, that the 1m%edance of - th1s dummy -
metal diode, at the réference p]ane, could be represented by a lumped

1nductqg,o£fﬁ'ﬁﬂﬁb This value of inductance was constant over the

frequency range of 5. to 0 876 Mz. )

The procedure of using a dummy metal diode to obtain the

relation between Zm'and Zp has been used in previous work(44) where

reduced height wavegdide moUnting‘systems were employed. Although the .
higher order modes necessary to match the TEM mode e]ectr1c and magnetic

. Tields to the ‘metal diode w111 be somewhat different from those requ1red

£
for the rea] d1ode package th1s d1fference is considered to have a
small effect on the impedance transformat1ons. The pr1nc1p]e of using
a single, Tumped- inductance, e1emeht'for}the transformatjon from Zm

“to i; is the same ds. that used by Getsinger(37)tor~diodes mbuhted across
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a waveguide, in shunt with coaxial conductors and at the end of a

shorted coaxial 1ine. Owen and Cawsey (45) a]so foundvthat the single
inductive element was sufficient to transform Zm to Zp.
Getsinger(37)also indicates that, as the outer diameter of

“

the d1ode package approaches that of the coaxial inner. conductor, the
rad1a] modes that require match1ng to the TEM f1e1ds vanlsh Then, “the
va]ue of the lumped Anduct1ve element is that of a shorted transmission
1ine whose character1st1o_1mpedance,1s formed by the diode package
outer diameter and whose length is equal to the heidht of the ceramic
sleeve of the diode package. In the package mount used here the
diameter of the coaxial center conductor is O. 120“ and. the outer dia-

meter of the package is 0. 080”, so very little rad1a1 mode métcHing

should bée required. Th1s is also f\d1cated exper1menta11y, as the

impedance of the met diode is very near]y that of" a short
circuited section of transm1s 1on 11ne whose 1nner conductor d1ameter

and length are those presented by the dummy diode.

The above results are in good agreement with Owens and

(45)

Cawsey's' work,bwho carried out very extensive measurements to charécterf
; 1ze‘a diode package of;very-sim11ar dimensions The equivalent circuité
used by Getstnger Owen and Cawsey, a1ong with the vers1on derived for

this work are shownv1n Fig. 6.9. Owens, 1ntroduced a capac1tance (C]) .

~ that was due to the ceramic cy11nder in the diode package but found |

that this oﬁ]y Bad s1gn1f1cance at frequencies above 12 GHz If the

value of C] is introduced at frequenc1es aroung G_GHZ, TtS only effect

is to slightly reduce the magnitude of z before;it is transformed by

VR



135

\ v F—® DIODE PACKAGE
. T L, IS INDUCTANCE OF METAL POST

(a)

REFERENCE. PLANE ,
FOR L
IMPEDANCE MEASUREMENTS - i

| L] = 0:64 nh
L, = 0.23 nh
I ¢ | 2 _
: 2 .C] = 0.04 pf
I/ I e ~ C, = 0.212 pf
N , I !
T j—a- DIODE PACKAGE
(b) ‘
Ly = 0.6 nh
L- = 0.4 nh

. P
T P ' e 'OF-;= 0.15 pf
I -. .. ‘ " | | |
j——o= DIODE PACKAGE -
(c).

Y

FIG. 6.9 EQUIVALENT CIRCUIT FOR PACKAGED IMPATT DIODE,
(a) GETSINGER"S' MODEL
gbg OWENS "AND CAWSEY'S MODEL
c
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.
RO

the transmission Tine inductance L (Lt this work) to Zp. Therefore,

1
the value offC] was omitted for this work. = JQ-“ﬁl)

-

| : | a1ty

The .values of Cp and Lp (Figure, 6.9 (c)) are essential

-

those Tisted on the diode specification sheet as the package capac1tance

and 1nductance, respect1ve1y In the diode package shown ip: Fgg 6.8,

’ represents-the capacitance between the top of the post ~9/the top

cap of the package , while Lpis mainly the inductance of, s Tead wire(s).

vThe value of . Lp can be determ1ned from ‘the difference. 4h the'inductive

impedance of a metal d1ode ‘and that of an 1nterna11§r320rted diode
‘package when measured at the same 1mpedance reference plane. The
1nterna]1y shorted diode package that was ava11ab]e had the same outer
physical dimensions as the actual diode package but the internal structure
was unknown and probab]y slightly d1fferent than that of the actual |
d1qde used, However, these measurements were carried out to obtain a

’ representat;ve value for Lp.' A va]ue(for Lp of 0,35 - 0.4 nh was found
in the frequency range of 5 to 8 GHz.' The manufacturer‘é listed values
of Lp and Cp were 0.5 nh and 0.2'pf;"respect}ve1y. Thué,'the values of
Lp dnd Cp for the.actual,diode‘s backage would be close to the above
values. Using these magnitudes as a first approximation, the final
‘values of Lp .and Cp were arrived at by fitting the gepietion layer

. capac1tances,uneaaured at 1 MHz on a Boonton Bridge, to those ca]cu]ated
'from a transformat1on of Z to Z us1ng the equivalent circuit given

in Fig. 6.9(c). This matching was carried out for a range of reverse

bias vb]tages below breakdown.
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By choosing the ralues of Lp and Cp to be O.4lnh and 0.15 pf
respectively, the calculated capa;itance was within 4% of the measured
values at 1 ﬁﬁz for bias voltages of 40 te 90 volts (breakdown voltage
was 100 volts). This completed the determination of the necessary

equivalent circuits required to transform'Zm to Ze'

6.4.2 Experimental Results

In the experimental setup shown in Fig. 6.5, there are three
monitor positions, each of which is designed‘to be.connected to a 50
ohm impedance. The monitor position "A" was provided by a tee and
“this positfon was continuously loaded by one of the 50 ohm channels
of the oscilloscope. The continuous’?ﬁading served two purposes. One
was to present a reasonable match to the 50 ohm outputcimpedanCe of
the bias voltage pulser, as the d.c. power supply was a large impedance
mismatgh; the other purpose served W™S tolprovide a reference bias
voltage.level so that the measurements would be reproducible. Monitor
positions"B" and "C", alternately sharedlthe remaining 50 ohm channe1
of the oscilloscope. Posifion "B" was a 50 ohﬁ connector 1in parallel
“with the.l ohm current—vieWing resister This was used just prior to-
the ca11brat1on of the R.F. detector, to enable the current pu]se
through the diode to be obta1ned The current pu1se through the diode
was necessary to serve as a reference for compar1son between the theoret1ca1
calculations and the exper1menta1 resu1ts Mon1tor position "C" is a
50 ohm tee that shared the output of the R.F. detector with the bias
voltage supp]y for the R.F. detector \\Th1s provided a positive d.c.

offset to the osc11loscope that tended to ba]ance the~negat1ve output-
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voltage of .the R.F. detector and permitted the use of the most sensitive

range of the oscilloscope channel.

It was found that, when the diode package holder was loaded
by the 50 ohm 1input jmpedance of the osci]]psCohe channel, in lieu of
an avalanche diode; the waveform obserVea at the hias pulser
~{monitor A) was very simiiar to that ohserved at "A", when- the diode
holder held an avalanching diode. This effect is apparent when traces for
"A" are compared in FiQs.G.]O(a) and (b). in this uay, the rise time of -
the bias vo]tage pulse at the 1ocat1on of the Impatt diode was determined.
Also apparent from this measurement was that the current pulse through

a

the diode follows the voltage pulse across the diode very c1ose1y(Fig. 6.10a)).

To avoid ihstabi11ties in the honitorihg oscii]oscupe traces
when repetitive bias pulses are applied to the Impatt diode, a steady
d.c. current of 1 ma was maintained in the Impatt diode.” This ensures
.that the Impatt diode has an . identical response for each pulse in the
repet1t1ve train of b1as pulses and the oscilloscope traces are steady;
Th1s d: c current 1eve] is. suff1c1ent1y low that the temperature of
the sem1conductor Jurtt1oh gs, essent1a11y that of the copper heat s1nk,

The b1as*v01tage pques had a durat1on<of about 30 nanoseconds and a
repetitive trequehcy of 100‘KH2, giving a duty c&c]e of 0.3%. Thus,
‘1t’Was assured that the semiconductor junctionvtemperature t]psely
approached that gf the heat sink,in betWeeh bfasjVQ]tage pulses.

‘The‘procedure fo]]oWed.forfeachvset otvmea5urements started

w1th the determ1nat1on of the Impatt d1ode current response for each

specific value of bias vo1tage pulse’ to be used Next the current—

viewing resistor was\reglaEeENulth‘a‘copper d1sc,and the reverse bias-
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Fig. 6.10 PHOTOGRAPHS OF TYPICAL WAVEFORMS OBSERVED ON THE
~ 0SCILLOSCOPE ‘DURING ELECTRONIC IMPEDANCE
MEASUREMENTS USING THE CARRIER REINSERTION METHOD.

In all photographs, the vertical scale for current and
detected R.F. waveforms is 10 MV/cm. The vd]tage waveforms have a
vertical scale of 500 MV/cm or 1V/cm as shown in the individual photographs

Also, all photographs h-ve a horizonta ra]e of 5 nsec/cm

Fig. 6.10(a  vr tage and current waveforms throughdut the

measuring system

trace #1 - b :: voltage puTse at.monitor position A in fig; 6.5 :
trace #2 - L :s voltage pulse at the djede:hOIQer | |
trace #3 - current puTse tor avalanching diede taken at'v

mon1tor pos1t1on B 1n Fig. 6 5 “v.
trace #4 - detected waveform of the sum of the incident and

reflected R.F .-taken at monitor position C

in Fig. 6.5

R

For traces #1 and 2, the 50 ghm tmpedance of the dscilfdstobe
channel was co~ ~cted to the diode holder in lieu of an avalanching

Impatt diode

N

For trace #3 the current pulse was taken as a vo]tage across a.

v

1 ohm disc resistor in series w1th an ava]anch1ng Impatt diode in the

diode ho1d1ng unit.
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Traces #2, 3 and 4 are for the bias voltage pulse at monitor

position A, shown in trace #1.

Fig. 6.10(b) Voltage pulse at monitor position A related to
¢ g

the resultant current through the diode measured

at monitor position B.

o

The upper set of three traces are the voltage pulses at
. Ty :
monitor position A, while the lower set of three traces are the current

pulses at monitor poéition B. _ S )

'Fig. 6.10(c) Typical measurement photograph
trace #1° - detected waveform of the'sum of the incidéht and .
., reflected R.F.

T : o
t#ace #2 - detected waveform of the reflected R.F. alone

trace #3 - the reference Vo]tage pulse at monitor position A

L
54

e
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Fig. 6.10 (a)

Fig. 6.10 (b)

b Fig. 6.10 (c)
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applied to the Impatt diode was gradually increased until a d.c. current

142

of 1 ma was reacheg. As the reverse bias voltage was increased, the
R.F. detector was calibrated at severa1 values of reverse bias below
breakdown. Next, the bias voltage pulses were applied at the same
1evejs for which the current response was taken eariier. The oscilloscope
traces representing the output of the R.F. detector were photographed.

‘&dd the

.In the ‘photograph, the magn1tude of both the ref]ected R.F
sum of the 1nc1dent and ref]ected R.F. were recorded, aleng with the
waveform at monitor position A. These three traces were recorded
for each specific level of bias voltage pulse used. A typical phdto—

graph is shown in Fig; 6.10(c).

The exper1ments were . carr1ed qut w1th two dtfferent Impatt -

j ese tharacter-+|
u’ ’é . 'V' YT )
istics were determ1ned from capac1tance~v01tage measurements taken at

' N 2 ’ql)

bias voltages below breakdown and at room temperature. The - results of

diodes, whose character1st1cs are é%ven in Tabf%'é 1

‘)J

the experiments are shown in Figs. 6.11 to 6;23L. In these plotted

results, the measured impedance has been transformed via the equ1va1ent
. 54
circuit of Fig. 6.9(c), to obta1n the electronic 1mpedance of ‘the semi-

conductor diode. Also shown in these f1gures are: the’ assoc1a%ed .

U

’

TABLE 6. 1
CHARACTERISTICS OF H. P. 5082 0437 IMPATT DIODES

opg | EREAKDOK CAPACITANCE AVERAGE DEPLETION
DE VOLTAGE AT | AT BREAKDOWN | DOPING LEVEL | REGION WIDTH
. ; | 16 —3 |
a1 horv 0.34 pf 1.0x10 3.75 »
48 [102.2 v . "0.27 pf | 6.5¢10 %cm > | 4,7
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results from the computer model.. These associated results are given

here for ease of comparison in the following Chapter.

‘The measured current response and electronic impedance
of diode #1 and #8 at room temperature, for various microwave frequencies
and d c. bias levels are given in Fig. 6.11 to 6. 23 "A breakdown

of these figures is as follows:

- Figs 6.1 to 6.14 - diode #1, 6.0 GHz, 3 and 4 volt

bias pulses

- Figs 6.15 to 6.17 - diode #8, 6.0 GHz, 3 and 4 volt
fbias pu]sesb \

- Figs 6.18 to 6.20

diode #1, 7.8 GHz, 3 and.6 volt

bias pulses

\\ - Figs 6.21 to 6.23 - dioge #8, 7.8 GHz, 3 and 6 volt

bias pulses

In all the results of the electronic impedance measurements, thgwfiotted
data displays very 1jtt1e’scattering’of pofnts and the resu1t1ng curves

are well behaved.

The series resistance due to contact losses, the-resistance.
of the substrate and the undep]eted reg1on\of the diode can be‘reb-
resented by Rs' ‘The va]ue»of Rs can be taken from(;he experimenta].
'~resu]ts(46)as the’rea1 bart of the diodes e]ectronic;impedance when
the bias vo]tage.reaches the breakdown value. For the purpose o} thﬁs
Qorkq%he value of Rs/has been taken as thejreal'part ef the e]ectron?ﬁ

impedance when 1 ma of d.c. current is maintained in the diode. This
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ndicated on all the appropiate figures. For d1ode #1, the
value of R was about 1.5 ohms from impedance measurements taken at
both 6.0 and 7.8 GHz, whi]e.for diode #8 the value of R was 1.2 ohms
"éE§£Qm measurements at 6.0 GHz and 2.4 ohms for measurements at'7.8 GHz.
g§§: & . D _

' The value of R . Was not included in the computer model
consequently, when comparing the computed and exper1menta1 results,
the value of R should be algebraically added to the computed results.
This 1is read11y accomp]ished as Rshon1y‘affects the real part of the

‘calculations and the computed clirvés are simp]y shifted along the real

axis an amount equaT to the maghitude of RS.

6.4.3 Accuracy of Measurement System

«

"‘L .

" Because of the uriknown ihf1uenee‘of the second harmonic on
-‘the measurements and the absence of.fact]ities to conduct“high1y accurate
steady-state‘impedance measurements, it is-difficult to arrive at a
specific eva]uation of the measurement accuracy for the method useu
here. Further, a'detailed 1nvest1gat1on of the 1naccurac1es 1n the measure-
ment system would be overshadowed by the 11m1tat1ons 1nherent in the
coax1a1 fourgport circulator and R.F. detector used However, a qualitative

d1scuss1on shou]d prove- usefu]

- In the Carr1er Reinsertion method there are three main areas J
I;'wh1ch areusubJect to measurement errors. These sens1t1ve areas are;
“the packaged d1ode mount1ng unit, the separat1on of the 1nc1dent and
1"ref]ected R.F. s1gnals and the R.F. detector itself. To provide a ‘
*means of ca11brat1ng the R.F. detector sub-system, the 1mpedance of the

packaged diode should be known for several va]ues of reve?si bias- voltage -

@ .
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below bteakdonn. The diode mounting.unit has to reproduce these dtode
package impedances as magnitude and phase in a reflected R.F. voltage.
> minimize possible E?FS;S being introduced during this transformation,
the packaged diode holding unit should be an 1ntegka1 part of the

measurement of the packaged diode impedance, both external to and’

interna]'to, the Carrier Reinsertion Method.. By designing the diode

‘holder to be compatible with a standard APC-7 precision connector, this

source of error was minimized for the work c@rried out here,
. !
7

~ An important area c]ose1y associated with the diode ho]ding unit,

" that may introduce some error in the impedance measurements, is the four-

1p0rt.tﬁrcu1ator used'to separate the incident and reflected R.F. signals.

In the-coaxie] four-port circulator usedbfor this work, the isolation
between the paths followed by -the incident and reflected R.F. signe]s was
found to be 20 dB. ;Therefone, it would~be possible to have up to ligof
the incident R.F. power, or 10% of the incident vo]tege3 bypassing tne'

diode ho\eer and‘interfering= with tne~ref1ected R. Fltsﬁgna1 As Jong as

the magnitude of the nefTected'R.F s1gna] is not sma]] w1th respect to

- the magnitude of the incident R.F. signal, 20 dB of 1so]at1on shou[d

therefore provide experimentql(tesu]ts of sufficient accnracy,

1

Another poss1b1e source of measurement error lies in the operat1on

of the R.F. detector sub-system. As.discussed 1n the Append1x B

.the actual detector diodes have R.F. - input- d.c. - output.character-

istics that vary appreciably when used over.a wide range of‘incident'
R.F.. s1gna1 powers. This necessitates a p1ece wise Tinear approx1mat1on

to these characteristics’ and the‘determ1nat1on of the constants of

4
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proportionality {to calculate the reflection coefficient) for each
-linear segmeﬁt. To minimize thebintroduction of measurement error in
this procedure, the R.F. detector unit should be selected, or tuned,
for best linéarity over the required range of operating levels. Also,
there shou1d1be‘suffieient versatility in the measurement system to
ensure that tﬁe‘range of detected output levels evident ln the actual

measurements, was covered by the calibration procedure carried out at

reverse bias voltages below breakdown.
, . . |
The error assotiated with the Carrier Reinsertion Method of

impedance measurement should be small and will mainly be determined by
" the characteristics of the R.F. detector unit. Some error was inherent
in this measurement method, as it was uSed here, but, this was esséntia]]y
due to availability of equ1pment and is not believed to have significantly

"~ affected the overall accuracy ofhthese measurements.

as a function of time.

In th1s chapte" bwo distinct types of microwave
impedance measurement methods havecbee juated With regard to their
suitability gor the transient 1mpedance meaearements on Impatt d10des
These measurements of the complex impedance were carried out using a
direct comparison of(the vpltage/current waveformSnand alsc, by measuring

~ the complex reflection coefficient.

In the measurement of the transient impedance by the direct
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comi ~ison of veltare nd current waveforms, two methods were used.
Both the Cavity Osci’ ator and the Air-line Tee Methods were tested.
Thes~ netho . wer . ‘;adilylimp1ehented, as avsmall amount of equipment
was required, hc .r, both these meaﬁurement methods proved td have

s inu- Ti: “rta"as that restricted their usefulness.

(ne Carrier Reinsertion Method for the measurement‘of transient
imped nce actually measures the complex ref]ection‘cdeffiﬁfent, which
is'fhen converted to an impedance. This method reqUirésfﬁoke extéﬁ?ﬁve\\/.p
use of test equipment but is free of the difficulties associated(with )
the waveform comparison methods. Té the best of this author's know-
ledge, the Carrier Reinsertioﬁ Methdd, as deve1oped here, haé not been
~used in any previous impedance measurements on Impatt diodes. This
method 1is suftab]e for either steady;state or transient jmpédance measure-
ments. The method, as in]iéed here, had some limitations due to
availability of equipmeﬁt_bUt overall, the method appears_to have good

potential for.future work in this field.

? The electronic impedaﬁce of Impatt diodes, under transient
conditions,‘has been measured by'using the Carrier Reinsertioh Method.
The plotted data form well behaved cu;ves'thaf display very 1ittlé.
scatterihg of the measured va]ués. These measurements have been obtained
by reverse biasing the Impatt diode to maintain a d.c; curreﬁt ofy
1 ma and then modu]ating the d.c. bias voltage supply with Tow-voltage
pulses. Thesé bias pulses had rise times as short as 5 nanoseconds -
at the reference plane of the diode and it was determined that the d.c.

current response of the packaged diode was at least equivalent to these
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bias voltage pulse rise timest Therefore, short duratiow:bias pulses,

15 the range of 30 nanosecoﬁds, could be used. Thegé short duration

- ‘d,'.

| b1as pulses enabled,the use of very low duty cycles which minimized

~)’ 1
the effects of temperature changes in fhe diode’'s semiconductor Junct1on.

The measurement holding unit for the packaged diode was designed to
g1vo a s1mp1?“cransformat1on from the measured impedance values to

the e]ectgghwc impedance of the semiconductor ch1p itself, thus,
s1mp11fyfhg the calculation and improving the accuracy of the measure-
ments. Since these impedance measurements haye peen referenced to the
d.c. current response of the djode, comparisons.of‘these measuree

results with computer models of the Impatt diode are readily carried out.

A detailed comparison will be given in the following chapter,

o
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- CHAPTER VII
l?. :o

Discussion ovaheoretical and Experimental Results”

7.1 Introduction

There have been several pubhcatwns(4 245 25 47 48)descr1b1ng
theoret1ca1 models of the Impatt diode, but very. few pub11cat1ons
_include a d1rect comparison between the theoret1ca11y derived andmthe
exper1menta11y measured electronic impedance. " The work undertaken

here has been carr1ed out with the intent of substantﬁating-the

Validity'of the theoretida] transient mode] with experimentaltresu1ts.
N l .;”r

~In the exper1men\s, and hence in the theoret1ca1 mode]

the b1as voltage pulses were of short durat1on (about 30 nanoseconds).
ﬂEor these-short-durations bias pu]ses, temperature effects on Impatt
' 'diOde operation are minima1 further, the. compar1son between the
3'computat1ons and the meéasurements were made on the basis of s1m1]ar
d.c. current pulses and thus, changes 1n‘the temperature of the semi~"
conductor junction are'accounted for. Therefore, the discussion_of
‘the transient impedance characteristics will be carried on without

any reference to the junction temperature.

7.2 Comparison of Computations and Measurements

The experiments were carried out on two separate diodes and
\“at'tWOpfrequencies that were Sufticient1y distinct that differences

in the behavioyr of the electronic impedance (26) could be observed
This procedure ensured a more valid compar1son between the computed and

the experimental results. As an 1nd1cat1on of the type of compar1son

Y
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to be'expected; it was noted that Greiling and Haddad( 5 in their

comparison between theory and ekperiment, encountered differences in
. /

the real and imaginary part of Z, in the range of 15 60% and 5-10%,

respectively. Further, Decker &t az(49)c1a1m that an accurate

comparison between theory and measurements can only be obtained when

the effects of injecting contacts are taken into account.

Generally, the computations and-the measurements of the
diode's -electronic impedance exh1b1ted the same type of behav1our
This agreement ho]ds for both frequenc1es used and also at high and
low bias levels. A comparison of the plotted results in Figs. 6.11 to
6.23 shows that the slopes and curuotures of‘the computed and ex-
perimentai resu1ts.are very sﬁmi]ar. A significant indicator for
“the comparison of the resu]ts is in the behaviour of the.electronic
‘ impedanceiWhen the bias pulse passes from its initial rapid rise to
its relatively flat top.' Here; the c]ockwise‘1oop at 6.0 GHz, Figs.
: 6.14 and 6.17, and the counter c]ookwiee_1oop at 7.8 GHz;‘Eigs; 6.19"
and 6.23, are disp]ayed by both the combuted and the experimenta1
'results About the only 51gn1f1cant d1screpancy between the- computed
and the exper1menta1 results appears to be in the relative magn1tudes
of the real and imaginary parts of the e}ectron1c 1mpedance w1th the
largest discrepancy occurring in the real” part The differences between
the computat1ons and the measurements are typlca11y 20% for d1ode 48
and- 40% for diode #1 in the real parts of Zgs with the d1fferences 1n the
‘.1mag1nary parts of z, being typ1ca11y 8%'for both diodes. When making these
comparisons, it should be remembered that the p]otted computed results have

" not taken the value of Rg 1nto account. (Where Rg 1s the resistance
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due toiohmjc>contacts, substrate resdstance and undepleted portion of the
“ldrift regionl R is in series with z‘):

From a compar1son Of the plotted resu1ts, it is evident that
the measurements in some aspects, do not eéxhibit the same magnitude of .
‘variationﬁin behaviour as do_the computed results. . This js probably due
to a s]oweraresponse in the measuring system, although part of the
magnitode_discrepance coo]d be due to the 1nf1uence of the second ‘
harnnnic'in the driving,R:F. voTtaoe waveform, as it appears across the

diode.

7.2.1 Re§pon5e‘of the Measuring Systeﬁ

From- Figs. 6 12 6.19, and b.22, the exper1menta1 results
appear to be a smoothed vers.ion of, the theory Part "of this d1fference
between the computat1ons and the me surements could be due to the response
-in the R F. detection subsystem , TE)S detector response'coo1d account
for the d]sc-nm 1cy between the compoted and measured behaviour of the
~ electronic "impedance during the decay time of the bias voltage pu]se.
Duringhthe 1ntt1a1;partvot the decay‘time,'both the‘compdted and measured
results show the siﬁe‘netative shttt in the va]ués'ot ie'out, as the
' decay”time progreseesfthefcomputations;show-a recovery trend that is

' not‘apparent 1n'the experﬁmenta} results, untjﬁ after a few nanoseconds T

. . o o ) » ’ N
have passed. ‘ ‘
' St e & o B R

. Equ1pment prob]ems a]one, do not account for a]] the dif ferences
between thf computat1on and the measurements. Th1s is ev1dent 1n that

the two diodes are affected differenttj, with the measuned results for
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diode #1 displaying a more restr1cted behav1our than those of d1ode #8.
This 'is part1cu]ar1y evident at the h1gher current levels, Figs. 6.12

and 6. ]6 At the lower bias levels the behav1or of the two diodes is

_ much closer related.

7.2.2 Second Harmonic Effects S

/,

The vurrent waveform of the diode computer model is Fourier-
ana]yzed to- obta1n*%he d.c. component/p]us, the first, second and third
harmon1cs The rat1o of the magnitude“of the second’ harmon1c to the’

‘magnit-de of the fundamental frequency component (y2/1) is p]otted 1n.
Figs. 7.1 and 7.2 for 6.0 and 7.8 GHz," respect1ve]y Generally, there
is an increase 1n the value of Yo7 with 1ncreas1ng d.c. current level
in the diode and the overall behaviour Ofthe 271 plot is similar

to the waveform of the correspond1ng d.c. current pu]se
. V.

-

For d1ode #8, the value of Yo/ is re]at1ve1y small and var1es
from 1 to 49, with different frequencies and b1as voltage levels However,
for diode #1, the\value of y2/1 shows a significant change for different
bias. vo1tage ]eve]s, rang1ng as h1gh as 14% for high d. c current 1eveTs
‘at 6.0 GHz For both ‘diodes the value of Yz/l is Targer for 6 0 GHz
than for 7.8 GHz with the‘hnggest djfference being exhibited for diode

, A
#1.

- (25) ,
Gre111ng and Haddad have shown that it is possible for an

appreciable second harmonic component to be present in-the R F. vo]tage o
&

waveform generated by the second harmon]c component in the R.F. currént

B waveform of the d1ode In the experiments carried out here the dr1v1ng

. “R. F vo]tage app11ed to the Impatt d1ode is 1n1t1a]1y of s1ng1e frequency
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Then, since  the second hdrmonic component of the R.F. voltage is not
absorbéd in the measuring‘syétem (coar}§1 four-port hybrjd,‘Fjg. 6.1),
it is possible that a significant R.F. voltage at'the.second harmonic
frequency could be deve]oped in the diode holder, as the Impatt diode
s b1ased to higher current levels. Consequently, another var1db1e is

introduced to modify the measured values of the electronic impedance.

A possib]e explanation of the significant differences in the
magnitude of the e1ectronic impedances, of diodei#], with respect to the
computed results, at‘the higher current Ieve]s,vcou1d be the influence
of a second harmonic component 1n theg@;F voltage. From’Figs 6.14

and 6. 20, it is observed that the measured and computed values of the

e]ectron1c 1mpedance for d1ode #1, d1sp1ay a close correspondence for

& -

oth>6.0,and 7.8 GHz. These resu]ts are for moderate current 1evelsuin .
tne dtode. For higher curnentS‘the results are'as shown in Figs. 6.12 "
and 6.19, where there 1sAs}onificant'dtfferences between the computed

“and measu?%?)va1ues~0f'the e}ectronie impedence: From Fig. 7.1 and
7?2, the value of yé/] is mucn larger for the;htgner currentrleve1sr
This discrepancy between the computed and measured ya]ues of the elect-
ronic impedance, ét the higher currént levels, is not evident for

- dtode‘#8."A1so, the vajue of YZ;;: is relétively emall for both moderate

(So)that the

and high current Tevels in this diode. Ac it is We]] known
‘second harmonic.in the R.F. voltage doc. bhave a s1gn1f1cant 1nf1uencea
on the behaviour of the Impatt diode, it is 1ikely that the second harmonic

is also influenting the measurements taken here . - ' : .
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7.2.3 Degree of Correspondence of Computed and Experjnental Results

Because of the questions raised concern1ng the response of .
the measuring system and the extent of the effeots of the second
harmonic component of the R F. vo1tage across the diode, 1t was thought
that only a 11m1ted amount of ,curve f]tt1ng should be carried out
Theréfore, efforts to fit the computat1ons to the measurements were
confined to s a1l uariations in‘the va1ues of the parameters xé, K, Cd
and"rd in the computer model. The effedts of variations in these . (
parameters are out]]ned 1n Chapter 1v, sub section 4. 3 2, as are the
f1na] va]ues chosen for the comparison between the experimental and

computed resu]ts (Tab]e'4.1).t‘Consequently, on]y the significance of

the changes from the theoretical Va]ues.wi]1 be discussed here.

_The va]ue ot the equiva]ent wﬁdthlof the ava1anche region,
X3 wassarrived at by considering the experimenta] and computed
charactertstics of diode #J;‘ From Fig. 4;6, it is evident that the value -
of X3 is Tess than-1.55 microns whi]e; from the\charactertzation of
Scharfetters model (Fig; 3.4), the value of x_ is at least 1.35 microns.

23)0f didde #1 were slightly 1ess\;han those

Since the doping 1eve]s(
of Scharfetters model, a. value of 1.45 microns tor Xy of diode #1, was
-~se1ected ‘Diode #8 has a doping concentration that is Tess than that

[

of diode #1 and therefore has a value of X3 greater than 1. 45 microns

The va]ues of x chosen for

these d1odes are 1n>genera1 agreement w1th th%ge pred1c>-i b ,prev1ous]y L
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N

Y
— 2

published work and were in proportion to the values of K selected for the

diodes.

It 1s_dfff1cu1t to correlate the sum of the avalanche and
driftﬁregions with the total depletion wfdth of the diode. The value
of xa 1s an equivalent width, while the w1dth of the drift region and its

assoc1ated transit time are’ actua] values.  Therefore, the value of Td

was chosen as outlined in Chapter Iy and then he]d constant.

Magnitude scaling was ma1n1y accomp]1shed by variations, in

‘ the va]ues of the dep]et1on 1ayer capac1tance (Cd) - The. var1at1ons from>
¥

'fthe measured values of Cd at 1 MHz were a max1mum of 0.03 pf and this

-

is within the: go]erance between capacitance va]ues measured at ] MHz
‘e %
and several GHz, when stray capacitances of the package are taken 1nto

& h - Rty
acc0unt(45? Therefore the values of Cd used in the f1na1 compar1son
between computed agd exper1menta] resu]ts are qu1te accurate and w1th1n

the tolerances fouhd by other workers in this field.
-
~ As outlined in Chapter IV,'the va]ue_'of the coefficient«fOr

the space charge term associated with the w1dth of the avalanche region !
(K); was selected to provide the best behav1oura] comparlson between

the computat1ons and the measurements \.Some magnTtude sca]ing was also
achieved by th]s selection but this was not. ‘the main effect From

the con$tant f1e1d theory, the values of K shou]d be. O 011 for d1ode #1
and 0.015 for d1ode #8. As shown in Tab]e 4.1, the actua] va]ues of |

' *K used d1ffered a litt'e from these theoretica] va1ues and a]so disp]ayed

some frequency dependence Some d1fferences between the theoret1ca1

fwand actual values used are to be expected, as the constant f1e1d mode]
¢ \ _ L : :
) . Tel T Y

J
. | i



.JAon1y gives'an estimatebof the true vaIUe of K. The ditferent values of

v

K for d1fferent frequenc1es woqu seem to 1nd1cate a funct1ona1

dependence for-K that is not. ev1d@nt in the constant f1e1d mode]

/

by ‘other character1st1cs-of.the_measurement’svstem, |
T , Lo

~ 7.3:-Effects of the Bias Pulse on the E]eétronic,i@pedance.

However, th1s frequency dependenc is sma]] ahd may have been accentuated‘

_4As descrihed in Chapter IV, a comparison between_conputed
) and.e&perimenta1 resu1ts mustfbe:made’on theAbasis-of the sini]ar' -
d.c. current’pu1ses ‘which. resu]t from the s1mu1ated and appTied bias- u§ -
vo]tage pu]ses, respect1ve1y Both the computat1ons and the measure—.'r
ments 1nd1cate that th]s resu1tant d C. current pu1se w111 be very'
s1m11ar to the b1as wo1tage pu]se across the d1ode “in rise twmes and '
overa]1'shape ‘ As the genera1 shape and r1se t1me of the b1as voltage
pu1se across the d1ode, can be contro]]ed by the c1rcu1t des1gner '
advantage can be taken of the dependence of the e]ectron1c 1mpedance

upon the d c. current pu]se 1n the d1ode

7 3.1 Magn1tude of the B1as Vo1tgge Pu1se

Lo “.‘ .
Genera]]y, as. the magn1tude of the dﬁp current 1ncreases,
' R~ B '
the magn1tude of the negat1ve 1mpedance of the d1ode increases as we]]

Th1s\1ncrease contr]butes togan‘1ncrease in the R.F. power output of the
SRR : :
diode.. :However;ffrom Zggs 16”12*and 6.16 it is observed that, once the

1eve] of d c current xceeds a certa1n value, the real part of the
e]ectron1c 1mpedance starts to decrease in: magnitude. Th1s is a result

of the space charge effect of the mob11e carriers mod1fy1ng the total

‘phase sh1ft~across the dtode. -The larger the space charge effect, the
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) B ) :
shorter the time allowed for the avalanche current pulse to form. This

results in @ smaller phase shift being deveToped in the avalanche region,
.be~ween.thezcenductfon current and the R:h; voTtage. The change
’fromvincreasang magnitude to decreaefng magnitude; in the real part of

the eiectrpnic impedance, is clearly evident;at 6.0 GHz but, is not
‘evidenf atv7.8 GHz;'Figs. 6.19 ahd 6.22, even though the current levels
at 7.8 GHz were much higher than those at 6.0 GHz:, Figs. 6.11 and 6.18,

respectiVe?y.

The reason for the reduced effects of the space charge at
7. 8 GHz 15 that, ag this higher frequency, the phase shift across the
ava]anche region is a smaller part of the tota1 phase shift across the
<d10de. Taking a mean ]ength for the drift region as 3_m1crpns for the
diodes used here, at 6.0 GHz this ]ength represents about 65° of
phase shift, between condpction currehejand R#F. voltage, whi1e at 7.8
GHz this same 1ength represents about 86° of phase shift. CenseqUentTy,

the reduction of the phase sh1ft in the ava]anche region, due to the

space charge effect, 1s much Tess cr1t1§a1 at 7. 8 GHz than at 6.0 GHz.

7.3, 2 R1Se Times of the Bias.Vo1tage Pulse

Thereffect upon the e]ectron1c 1mpedance of the r1se of the
b1as pulse can be obtained from the plotted . resu]ts of the e]ectron1c
1mpedance as‘a funct1on~of t1me and d.c. current levels. The p]otted
results were analyzed and sa11ent features are sumnar1zed n Tab]es 7. 1

and 7.25 the 1nformat1on was arr1ved at in the fo110w1ng m:

cons1der diode #1 at 6 0 GHz, selecting a current level of 30 ma in
»

Figs. 6.T1 and 6.13, the corresponding t1mes are 3 nanoseconds and

4 nanoseconds in Figs. 6.12 and 6.14 respectively. THe values of the « iy

i
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TABLE 74—
TRANSIENT AND STEADY-STATE VALUES OF ELECTRONIC IMPEDANCE
- COMPUTED AND MEASURED AT 6.0 GHz
DIODE } FREQ |METHOD CURRENT 3 VOLT 6 VOLT STEADY . -
(GHz) LEVEL BIAS BIAS STATE
s1 |6.0 |Computed|Fig.6:11 | Fig.6.14 Fig.6.12 Fig.7.4"
30, m 4 nsec 3 nsec
J -13.6-j106 -14.5-j107.5 | -12.8-j104
Fig.6.13
48.5 ma 12 nsec :
-18.3-3144.5 -18.5-j146
Fig.6.11
49 ma 4.7 nsec
: -20.8-j148 ~18.5-3147
64 ma 7 nsec
-6.7-j205 -4.0-3205
68 ma 12 nsec I
45.5-j22.5 +6.4-3225
| Measured |25 ma 3.5 nsec 3 nsec ‘ :
1 -7.4-396 -7.5-399 -
#8 6.0 |Computed|Fig.6.15 Fig.6.17 Fig.6.16 J
_ 26 ma t 4 nsec 3 nsec
g . -12.6-3113 -12.8-3113.5 -11.6-j112
42 ma 12 nsec 4.8 nsec _
-15.4-3135 —17.2—'\]'1“q -15.4-3135
53.5 ma -7 nsec .
' ) -13.2-3159 -12.5-j]58
58.5 ma 15 nsec .+ ", )
g , -8.5-3169 | .-8.4-7169.5
Measured|25 ma 3.75 nsec 3.5 nsec i - 47
-10.4-3120 -10.8+j124™ & o

s/



TABLE 7.2

TRANSIENT AND STEADY-STATE VALUES OF ELECTRONIC IMPEDANCE
N : .
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~ COMPUTED AND MEASURED AT 7.8 GHz ]
DIODE|FREQ | METHOD CURRENT 3 VOLT 6 VoL~ STEADY
(GHz) . LEVEL BIAS BIAS STATE
#1 7.8_ | Computed | Fig.6.18 | Fig.6.20 Fig.6.19 Fig.7.3
: S
’ : 33 ma - 4 nsec 2.3 nsec
‘ --9.3-j64 -7.0-j67.3 -8.2-368.0
48 ma 6 nsec
-12.4-376 -12.6-375
23 nsec o
-12.6-375 ’
53 ma 10 nsec ,
o -14.5-378 -14.4-378.5
38 ma o ‘6 nsec ,
-27.8-3113 ©-28-3112
99 ma © 12 nsec
-31.6-3134 -32.2-3131
17 nsec .
-32.6-3135
101 ma 15 nsec
_ , -33.8-j142 -32.8-3137
Measured 33 ma 4 nsec 1 2.5 nsec
- -5.8-374.5 -3.5-374.5
#8 7.8 Computed | ,Fig.6.2] Fig.6.23 Fig.6.22
o 34 ma 5 nsec 3 nsec ot
L -11.4-385 -10.6-3j83 -10.2-384.5
41.5 ma 9 nsec ' ‘
_ . -13.0-387.8 -12.9-387.5
68.5 ma ' E 6 nsec ' ,
. -22.5-3j108 -22.4-3106
76.8.ma : 10 nsec - : _
e -25.4-3j113.5 -25.0-j113.5
80 ma 15 nsec
) -26.0-3117.0 -26.0-3117
Measured | 38 ma 6 nsec ~ 3.25 nsec S
-6.9-388 -7.0-392.5
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electronic fmpedénce are then taken from the appropiate graphs. Values
of_the computed steady-state electronic impedance are taken from |
Figs. 7.3, 7.4 and 7.5 for the appropiate d.c. current levels. These
steady state values of e]ectnonic 1mpedancé were calculated using

the same parametér va]ues:as those used for the final computations

pfotted in Figs. 6.12 to 6.23. Thus; a direct comparison is possible.

Effects of the mobile carrier space charge will place an
upper Timit on the magn1tude of the real pdart of the e]ectron1c impedance
| (Ze). Apart from this, the rise t1mes of the bias vo]tage pulse can
have a sngn1f1cantveffect upon the characteristics of the diodes Ze' \
Essentia]ly, the effects of the rise times are confined to modifying
the real part of Ze with very little chénge 1§%tne imagingry part of

Z .
e

From the data given in Tables 7.1 and 7.2, it is evident
that the~wax1mum negative value of the real part of Z can be increased

beyond the equ1va1ent (same d.c. current Tevel) steady-state values

_bpth diodes and at both frequencies used hére. However, there is
imit beyond which a further decrease in fhe rise time of thé bias
voltage pulse produces little furthergincrease in the negafive real part
of 7, and may even redice the magnitu&e of the real part othe. This
effec’ is well illustrated in Table 7.2 for 7.8 GHz and for 6.0 GHz in
Tab{e 7.1 and Figs. 7.6 and 7.7, with ﬁhe corresponding current levels
being given in Figs. 6.13 and 6, 15, respect1ve1y . Jh1s minimum rise t1m

_,Q.

appears Y be about 5 nanosecondf for 7.8 GHz and 4 nanoseconds for

I

6.0_GHz. It would appear that by using th§:m1n1mum rise time of the

~) ' &;._



FIG 7.3 COMPUTED STEADY-STATE VALUES OF ELECTRONIC IMPEDANCE

]

AT 7 8 GHz AND 2 VOLTS R.F.

176

| ¥ 1 ¥ 1 1 1
104, 3 ‘
| 4 140
DIODE # 1 " e
DIODE # 2 m
4 130
b
" < 120
- 110
= o 100’(};
=
I
o
[an}
= 490 =
[
<
(WG]
(o
Led
=
8 180 =
(@)
<
%
<
Q
o <470
N | . 7 6o
1,2,3,...D.C. CURRENT - .
TUIN MA
\
3,
| 1 L 1 i i 41_ 1 1 L 1 ]
36 -30 =24 -18 120 . -6 0 +3
¢ ) . t ;,
\\ RESISTANCE (OHMS)

O



1
T T T 1’?: T -1 T
Q
4~ 250
DIODE #1 e
DIODE #8 ® 1 230
4 210
.- 190
Jd170
d 150
47,8
4730
41 . ,
‘)
///‘—4 “]]O
////
: / 4 90,
1,23, ..D.C. CURRENT
IN MA
: 10,75
1 1 1 L | 1 4 i
-20 - -16 52 -8 -4 0 +4

RESISTANCE (OHMS)
FIG. 7.4 COMPUTED STEADY-STATE VALUES OF ELECTRONIC
IMPEDANCE AT 6.0 GHz AND 2 VOLTS R.F.

I,

>,

o
o

¢

77

CAPACITIVE REACTANCE ‘ (OHMS)

g



_
i VR“ » . "; _ | H'
g i — T T T
" H . .
S s . .
* DIODE# 8 10V.R.r." o )
C U DIODE 41 10V R.F. e
SN : .
t . -
. .
3
e - -
[ 1,2,3. . .D.C. CURRENT . ' -
INMA |
" ! 1 LTI 4 . - l . &-["‘ . — l"‘ T * N .

) D

RESISTANCE (OHMS) -

FIG. 7.5 COMPUTED STEADY- STATE VALUES OF ELECTRONIC IMPEDANCE :

AT 6.0 GHz AND 10 VOLTS R.F.

- 2 4 P . N .
20 -16. 12 8 e 4 0 +2

190

170

150

130 .

110

90

)
el

()

178

CAPACITIVE REACTANCE (GHys) °

\



w1179
T T "l T T T
- |
_ h =} 160
o
. \
7 ]
i 12 § o 1 150 -
BN IMENTAL
3V BIAS PULSE |
u u - . B .13Q$%-
\ g
T 4120 5
2 —
(%)
[6D]
=
<
N -
: (@S]
b "‘ _]10 5
e e
Ll
B =
= 4100
e
(@0
7 o
- .t - 90
o R
. \/< _
< ] o 480
1,23, . .TIME IN NSEC FROM . )
7 P UUEl6. 613 -
. ! ' :\\/\ ' ‘.
) s
N 4] 1 ~l . 1 1 ., N )
“24 0 ¢ <16 -12 -8 -4 +2
3 . -8
T ‘ © RESISTANCE '(OHMS)
d

v “7 : o
FIG. 7.6 COMPUTED VALUES OF ELECTRONIC IMPEDANCE FOR DIODE #1.;
AT 6.0 GHz FOR DIFFERENT BIAS VOLTAGE PULSE RISETIMES



/ | "
| . 180
a - /"\'\/ C}
T T i ' '
' F =
- &
i -1 140
A} :
i < 130 =
' . =
T
, 2
Gt
. (5]
] e dre0 2
- }—
. [&]
<
&
(U8}
A =
_ 110
RO
B
e
RS
i A : <4 100 -
I | | . v +4 90
1-,2,3,.7 TIME IN NSEC FROM : o i
FIG..6.15 = ¢ '
i 1 1 y e bl - 3

20 -16  -12 -8 -4 0 +4
RESISTANCE (OHMS) R
* FiG. 7.7 COMPUTED VALUES OF ELECTRONIC IMPEDANCE FOR DIODE #8

AT 6.0"GHz FOR DIFFERENT BIAS VOLTAGE PULSE RISE TIMES

a



~

181

bias voltage pulse an increase in the magnitude of the real part of”
o _ )

Z, of about 10-15% can be expected during the rise. time of the hias

s o

voltage pulse. This increase 1s not very 1arge but may be useful "in

the start of osc1]]at1ons 1n 2 coup1ed cav1ty '

P-4
o

7.4 Recovery Time from Trad/1ént to Steady- State Cond1t1ons S

'OveralT there are relatively sma11 departures fnom:the
steady-state vaﬂues of the e]ectron1c 1mpedance dur1ng trans1ent

-

cond1t10ns These departures occur ma1n1y during the hu%?nup and decay

of the bias vo1tage pu]se with the trans1ent behavaor of Z durwng the .

decay, be1ng more pronounced and of ﬂonger duratlon

From the appropiate F]gures and Tables 7. 1 and 7. 2, 1t is
apparent that tre effects of the rise t1mes of the b1as voltage pu1se
are somewhat different at 6.0 GHz‘from those at 7.8 GHz. This d1fference ‘
2‘ is proba§1y due to the fact that the real part of Z, reaches its
maximum/hagnitude at relatively low current levels at 6.0 GHz, while
at 7.8 Gszthis maximum 1imit has not'quite_been'reaehed at very high
current leveis. -The clockwise loops at 6.0 GHz, QFing 6.14 and 6.17),
andfthe counter-clockwise loop at 7.8 GHz, (Figs. 6.19 and 6.23), in
‘the hehavior Bf,Ze, are due to the transient values of Ze returnﬁng tob
‘their steadyJState values. At 6.0'GHz,‘dur1ng'the transition ihteh@a},‘
‘of the d.c. current pulse from 1ts rap1d rise to 1ts re]at1ve1y s]ow]y
vary1ng top, the more negative values of the rea] part of the trans1ent
Z monoton1ca11y approach their stea«:iy-‘~ state values; hencgs the clock-
wise 1oop. For 7.8 GHz, during the same trans1t1on of the d.c. currentfﬂ

‘ puﬁse,:the»transientaze appears to overcorrect, withithe'real part
. / N Al ;
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becom1ng 1ess negat1ye than 1ts steady state va]ue«anﬁ hence the

b
counter c]ockw1se 1oop resu]ts In both cases, the time regu1red ?or )

5

Aﬁthe trans1ent Z to sett]e to the1r steady state va]ués 1s about 5
nanoseconds. . S v_’ S P ',4 _4ff s
s -7

The\prev1ous d1scuss1ons have been for the case where tfe
l

magn1tude ofﬁthe R F vo1tage has been one- or”two vo]ts across the J;:/nf

d1ode fo"ga1h an 1nsight 1nto the behav1our of the é*%ctron1c 1mpedanqe

';;m . -

at h1gher Ru ' vo]tages, some gomputat1ogs were carr1ed out us1ng 10

s

jvo] 5 as the magn1tude of tH@ dr1v1ng R F vo]tage across the”d1odé

—

o These computat1ons were restr1cted ‘to 6.0 GHz as the bTas levels used

k“'\_
at this frequency. give pract1ca1]y a]] the behav1oura1 aspects of the

-

electronic impedance for the diodes under'studyAhere:' The resutts of

jthtsefcomputations;'for diode #] ;nd #8.are given in Figs. 7.8 to 7.15

Y .
41nc1usive As expected “the magn1tudes of Z ca]cu]ated u51ng ten

vo]ts R.F. are 1ess than those us1ng two vo]ts R. F. However, a

~.

%

comp?r1son of the trans1ent and steady state va]ues 0;‘2 , under the

- influence of 10 vo]ts R.F. s shows very Tittle d1fference between the

1 »- N LT ".

. two sets of computat1ons Therefnre a d1scuss1on of the recovery t1me ;

\from trans1ent to steady -state cond1t1ons is SOmewhat un1mportant and

s

«for pract1ca1 purposes, it can be assumed that steady state cond1t1ons
’\&.

'preva11 at all times for th1s h1gher magn1tude of R.F. vo]tage o —

Y

7.5 Summary b C %

Genera]]y, there was found to be a close comparison 1% the
behav1oura1 aspects of the computed andigEasured va]ues of the e]ectronlc

1mpedance under trans1ent cond1t1ons. Compar1sons between the computat1ons

~
-

- 3

s

o
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“and the measurements were carried out on the bas}s of simiiar d.c.
“current responses for?&he simuiated and actba?ﬂhias voitage pulses
used, This, piusvthe short- duration bias puises, ensured that the
effects of changes in the temperature ‘of . the semiconductor junction .

could be ignored. . f’ -

The main'discrepancx between the computed and the measured
results appears in the reiative magnitude of Ze' An impoftant-cagse
of this discrepancy is due to the influence of the second harmonic’

component ot the R.F. 'voitage impressed upoﬁ"the diode. - The ratio |
.of the magnitude of the second harmonic to the fundamental in the R.F.

[l

‘current waveform of the diode, increzses with increaSing d.c. current

v-‘_

Tevels. A second harmonic componentTin the R F. voitage 1s developed

from this second harmonic in the R.F. current and as the measuring

T

system will hot. absorb this second harmonic frequenCy, it is. 11ke1y
that a Significant second. harmonic component is presentﬂﬂn/the R.F.
voltage in the7diode'hoiden; A detaiied evaluation of thisgsecond
harmonic effect was.nat carried:out }ﬁ this,study; |

.In generai the significant ditferences'ﬁetween transient
) and steady state vaiues of the e]ecironic 1mpedance occur during the
.1n1t1a] buildup and decay of the bias voltage pulse across the dijode.
~These differences are most prominent at the lower magnitudes of R.F.
voltage. At R.F. voitages of one or two volts, the tranSient values
}of the e]ectronic impedance can have real parts that are about 10-15%
more negative than their @teady state counterparts Under‘these

1
conditions’ there appears to be an optimum rise time -¢

1:




. N | £ q9 |
} \he‘i * ,»‘ . i ) ) -
’ “ ' - > - . .
seconds for ‘the bias voltage pulse, with a recovery time of about 5
nanoseconds needed for,the transient values of the electronic
impedance to.féﬁqu to their steady-state va]des. At magnitudes of o
R oltage in thé'}ahgé of 10 volts, the}e is negligib]é;difference

bew.:en the transient and steady-State values of the electronic impedance.

Lom st
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CHAPTER VIII
DISCUSSION AND CONCLUSIONS

This study has investigated the behaviour of the electronic

; ‘ n - : .
impedance under transient.conditions for a type of Impatt diode. The

analysis and resu1ts are applicable toﬁRead'diodéé and éne—s{ded )

abrupt p-n junction diodes. In the course of this work, severa]

: aspects of the operation of these d1ode> have been 1nvestlgated w1th

the fo]10w1ng results:

—_ An improved analytical model of the diode, which

re

applies to both steady-state and transient operating
cpnditioné; héé been formu]éted and evg]uated.

— A model for the transient heat f]ow in the diode's

amiconductor Jjunction has been deye]oped which haS' 

been ver{fied py experimental results and 1ncorp0ratedn
into a computer model pf—the_diode.

— A method for the measurement of the diode micro-
wave 1mpedance hasub%pn develgped which allows the‘

A’meésurements to be conducted under steady—sfate or.

transient conditions.

S\

A1l of these aspects'haVe\been incorp rated into a combuter model of the

Impatt diode which hasvbeen programmed on a large digital computer.

Fhe ana]yt1ca1 equat1on% deveToped here descr1be the behav1our S

©of the Impatt diode under d.c., small- s1gna1 and 1arge s1gna1 cond1t1ons

for both steady- state and trans1ent operation. Theae equat1ons are

&

.~
Lo
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re]at1ve]y simple in form and make use of a minimum number of approx—
1mat1ons, while still maintaining an efficient computer solution. The
:equat1ons are sufficient]y versatile to describe either p norn p
ong-sided abrupt junctions in a variety of semiconductor materia1s.

cture of the equations is such that the effectg}of_the several

nt'parameters are readily apparent,_thus facilitating the
simulation of the expeﬁ%menta]]y obtained results with‘the computer
model. This leads to a more rapid understanding of the oroblem under

study.

1 a

“The descrzoing equations @and the computer model for the Impatt

~ diode have been shown to be valid trom COmpar:soné uith other oub1ished
works and from exper1menta1 results obtained for the trans1ent behaviour
of the electronic 1mpedance of the d1ode These equat1ons have been

used to accurate]y model the steady-state and transient thermal response -
of the p-n Junction along with the d.c. and a.c. operation of the diode
under'steady;state and transient operating,conditions. An empiricaT
.repreeentation for the curgent profiles in the ava]anche region of the .
diode,under dynamic operating conditions,has alJoWed the-equationsfto<
include tne 1ndividuaTrionization rates and scattering'limited drift

ve]oc1t1es for the carriers. and a]so has allowed the inclusion of the

space charge term for the ava]anche reg1on 4

'The effects of injecting contacts and the spreading of the

| ava]anche and dr?ft regions . under cond1t1ons of h1gh R.F. siﬁnal levels

have not been taken into account S1m11ar¥&, trie associated effects

ofvnon-scatter1ng—]1m1ted drift ve]ocities,vunswept epitaxial ‘layer



195

and d1spers1on of the pu]se of carriers 1in theﬂdr1ft reg1on have been
omitted from this ana]ys1s For the model of the Impatt diode under
study here, all of these factors are of someWhat secondary importance,
except for the effectélof injecting coﬁtact??vﬁﬁch may influence

the degree of'¢orrespondenee between the.magﬁitude of the computed

and measured~va1ues-of the diode‘electronic impedance.

> In studies concerning the transient impedance of Impatt
'd1odes for app]1cat1ons in osc111ators or amp11f1ers, the behav10ur of )
the Junct1on temperaturg as a function of the. durat1on of the b1as
voltage pu]se 1é 1mp0ﬁtant Both the steady State and trans1ent therma]
properties of a type of Impatt d1ode were 1nvest1gated A study of :
"the time dependence of the Junct1on temperature was .carried out over
an ambient temperature range of 20°C to 150°C and over ,time'interva1
of'frem 5 to 200 panosecends after the onset of the bias voltage pulse.
These studies Haye related the experimental results to a theoretica]l
model for heat'flqﬁ ih a semiconductor junction. ,Good.aéreeﬁent has

=\ been obtained between the two types of results.

A theoretica] model of the tine dependence of the junction
temperature was attjved at by coﬁsidering a one-dimensional analysis
of a seqﬁr#nfjnjte semiconductor wit' a regioﬁ<ef’heat generation at
onenend. ‘tbjs mode is‘sufficient for pu]sed dperation.of the diode
with pu1$é;¥ift?s'and repetitidn rates gueh that the high thermalk;~

resistance of the bonding wiré does not influence the heat flow in. the

. substrate. Incorporating the time depenaence of the junction temperature
into the computer‘mbdel, foe the Impatt diode, was readily carried out

by adding a time varying term to the simulated d.c.‘bias voltage pulse.
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This computer model produced very good agreement with the experimental

results.

It has been found that the relative change in junction temperl
ature during the application of the bias voltage pulse, was essent1a11y
the same for the entire range of heat sink temperatures used here.

Thus, the thermal behaviour of the Impatt” d1ode will rema1n essent1a11y

the same for average junction temperatures from 20°C. to 150° C

Consequently, the Junct1on tempergture does not have toqc]ose1y approach
. the heat gink,temperature between each bias pu]ée, as only the average

Jjunction temperature 1shimportant and higher pulse repetition rates

can be used without altering the transient therma1 response of the diode.

The junctionjtemperature maih]y alters the d.c. curreﬁt .
level in the ‘diode, therefore, as long as\the computed and experimental
resu]ts are compared on the basis of similar d.c. currents in the '
d1ode, the effects of junction temperaturevchanges,on thts comparison
are minimized. If the bias voltage pu]ses are of short duration’(around
40 nanoseconds), the effects of junttion temperature changes are

s1gn1f1cant1y reduced and may even be ab]e to be 1gnored in certa1n

c1rcumstances

A method has been deve]oped for 1mpedance measurements under
trans1ent cond1t1ons In this method, the re1nsert1on of the R.F.
Carr1er a]]ows the measurement of the comp]ex reflection coeff1c1ent

as a funct1on of t1me This Carrier Re1nsert1on Method is su1tab]e .

P
4

——for- ETther‘steady=state—or~trans+ent7+mpedancewmeasuremeﬁtsr——Under
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transient conditions the.response Ejme of the measuring system was

found to be as 1owhas'5 nanosecond utilizing standard; conmercia]]y B v
avai1ab1e,.coax1a1'and waveguide c:;xonents. This response timel

can be further reduced by modifying the manner 1n which the‘bias\.
vo]tage‘pujses-are applied to the packaged diode. Theﬂaécuracy'of'

this measuring system should be at least equivalent to that of .A )
'convent1ona1 VSNR technlques used for steady state 1mpedance measurements,‘A
a1though a deta11ed 1nvest1gat10n of the relative. accuracy wasﬁnot

carried out. Overall, the Carrier Re1nsert1on Method appears to have

good potential in the measurement of microwave impedances that are
. . < . —dﬂ

a function of tine.

c; e
It has been found that the significant d1fferences between

trans1ent and steady- state values of the Impatt diode e1ectron1c
~impedance (Ze),,are of re]at1ve1y short’ durat1on.and»are confined to-
the initial bui]dUp and decay of the bias voltage pulses applied to

the diode. These differences are most prd@inent at the lower R.F. -

voltages and are 1arge1y confined to the real part of Ze’ with the

1mag1nary part of Z be1ng re]at1ve1y unaffected. At R.E./voltages

of one or two vo]ts, the transient values of the real partof Z can be

about 15% more negat1ve than their steady-state counterparts . Under -
/these cond1t1ons, there appeared to be an optimum rise time of 4 to 5 (
. "nanoseconds for the b1asfuo1tage pulse across the d1pde, with a recovery

-time of about 5 nanoseconds needed for the transient values of Z, to

return to their steady-state values. At the higher R.F. vbltabes; such

__*'E?_TO;V’C)'TTE"; “th ere H ppeared—to‘bé—-a—'ﬂeg}-i-gible—dif-ﬂenen ce.between the
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transient and $teady-state values of Z,-

- These_hariations in the real part offZe are of significance
when the Impatt diode is emp]oyed in R.F, oscillators. Byfuti1izing .
.fast rwse time b1as vo]tage pulses, the initial growth of oSc111at1ons
1n¢a coup]ed cavity will be enhanced by the more negat1ve real part
"of Ze' Further, it appears that this er‘ancement 1s\read11y atta]nab]e,
as rise times of the bias vo]tage pulse across the diode of about
4 to 5 nanoseconds, can be obta1ned w1th comonly available microwave
circuit components. "The re1at1ve]y short duration of the transient.
effects eneures that the steadyestate va1oes df‘ie can*be used for most
design purposes. In self-deviating Lmpatt osci]]atore, ¢ .din
- frequency modo1ated carrier systems,"the informatioh is alaced on the
cerrier by modulating the bias sdbpiy‘df the tmpatt diode; When pu]se
code'modu1ation is emplbyed some additional amplitude distortion may‘“
be introduced(due to the trensientlbehabiourof'the real part of ZéQ_'I .
HoweVer,'the magnitude of the freouehcy deviatjon wf11 not be affected

/

by she transient conditions.

e

“An }hteresting result ofbthﬁs tnhestigation of transient
conditionSvon the electronic impedence of Impatt.diodes ie’that %he
real part of Z; may become positive onder eertain“condjtions of ‘bias
. voltage and diodevdesign- It appears, for Impatt'aiodes'which have |
a drift region transitytime thet is less then 1/5 the period of the

R.F. frequency of opehatﬁon, that the real part of Z will become positive

for moderate, pulsed, d.c. current 1eve]s ‘ Under these conditions,

___the maximum negat1ve value of the real part of L, is reached for(

.\.\‘

4
A

>
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relatively 1ow d.c. currehtvlevels for pulsed operation. When the
;GR F. frequency is 1ncreased such that the drift reg1on trans1t time

1s about 1/4 of the R.F. per1od the maximum negative value of the
‘real part of Z is not reached until re]at1ve1y high levels of pu]sed |

d.c. current are app11ed.

This,”peakiné" charactériStic of the real part'of Ze, with
increasing d.c. current Tevels, may be used to advantage in self-
deviatihg Impatt oscillators. When.the_bia§ circuit of the Impatt‘fs
modu]ateg; the R.F. output of the osci]]atar varies in frequency and
. magnftyde due to the changes in the 1magfnary and real partsiresp;c31Ve1y,
of the d1ode Zé. The magn1tude var1at1ons 1n the R.F. are uhdesirab]e

and can be m1n1m1zed by ‘Biasing the Impatt diode such that the average )
value of the rea1;pert of Z% is at its peak,or max imum negat1ve value.
This mfnimizes thefvahfetions in the real pert of Zevand maximizes

the variations in the imaginahy part of Ze'

- This peékingvof the»rea1 part of the Impett.dfode's Z
~detr1mentak&%c the operation of R.F. amp11f1ers and pulsed R.F.
0$c111ators. As the magn1tude of the R.F. voltage across the diode
increases, less d.c. bias voltage is requﬁred for a given Tevel of d.c. .
current. In 1arge signal amp11f1ers, the high magn1tude of R.F. signals

may dr1ve the real part of the d1ode s Z past 1ts maximum negat1ve

value, which will result in 1ess gain and may further comp11cate the

associated compensation circuitry. For Impdtt\osc1]1ators that prov1de

—

pu]sed R.F., th1s peaking effect of the real part of Z w111 p]ace

Timitations on the permissible magn1tude§ of d.c. bias voltage and the -

1
el
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resulting R.F. signal levels. _ ,
) ° Y *o

\4 The overall effect of this peaking of the real-pg(t of the
Impatt diode's electronic 1mpedaﬁce Qi]] bé to place more(stringent
11m1tationsvon the design of\thevdiode for its specific.ta Kk, as it
is the width of the drift région'which dEtermines’the 1owér'frequency

and level of d.c. bias current for which the peaking takes place.

During the course of this work, certain aSpects of the ™
study érose which merit further investigation: One important topic is the
influén;e of the second-hannonigqu»the R.F. voltage across the djode.
This éeﬁond harmqqig/eﬁfeff/fggits the validity of the experjmen

result ose obtained with Tow values of the fundamental R.F. -

voltage.

1

Another topic‘that warrants further investigation is the
effect of injecting contacts. It has been shown that injecting .

contacts can influence the comparison of computed and measured results

- of the diode's electronic impedance but, the extent of this influence

k]

has not been established.

The resu]té of - the suggested 1nvestigations,’combined with

~ those of previous1y published work and the results reported here, -should

: _ - - S R
enable an analytical model of the Impatt diode to be constructed which

- will produce much c]osew»correspondence"between calculated and measured

values of the electronic impedance.

[
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APPENDIX A .

FOURIER ANALYSIS AND COMPLEX IMPEDANCE

o A SegiéS'Of the form .
voc m. ,
1. : . ;
f(x) = 5 A, +nz1 [An cos(nx) + B, sin(nx)] S )

is ca11ed)a,tr1gdnometric‘series. It‘ﬁsﬂéﬁ11ed a Fourier series if
: &
all the coefficients Ah’ Bn cdn be obtained in the following manner

AL =]; f\f(x) cos(nx) dx n=0,1,2,\-/' L ()
) . ' ‘ = ” .
r2m : ) ' ‘
; =-% ./.‘f(x) sin(nx) dx  n=1,2,3,... < )
2 ) 0 . ! '

"By using a change of variables

SN

X = t o

¥
L
the series is now written in a more convenient form as -
) B oo . '. D—-‘l » ' D:‘l -
o) =Re+ ) [Ajcos ([t )+ By sin (7 t) ] (4)

where ‘the coefficients are given by.

'_ _] E : “‘n-n» - ‘ - ) ; ) .
) A =T dj~ f(t)ucos:(-f— t)dx  n=0,1.2.... o (5)
B, = !J' £(t) sin ( T t) dx 23 (6
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and 2L is the period over which‘thevintegrétion‘takes p]écetra

From Section 4.2 Eq. (18), the total current in the

.externa1 circuit of the Impatt diode can be written as

Ti() = T () +T, 2l N )

e

‘The*extefnal conduction current~fs a well behaved funcfion and both
_ 1ﬁfegrab]e and differentiable over any one period. Therefore, it may
be assumed that this function has a'Fourﬁéf‘series. Similarly, the

R.F. voltage may be assumed to have a Fourier series also.

N

To arrive at the e]éctrbnic impedance of the SemicbndUCtor
diode, the complex ratio of the fundamental components of ¥q. (7)
“and V(1) must.be taken. The fundamental component of current may be

obtajned by Fourier analysis of Eq. (7) and written as
Sy i : . T a L
IT(r)f = A cos (‘E-t_) + B sin ( Tt ) . (8?

. This equation is now rewritten in a more convenient form by using

Euler's formula °

T ) = cos( %‘P ) + jfsin (ig:t.), , ey

s

exp ( 4

After some rewriting, Eq. (8) becomes

e : - o - .
‘Tf<%)f f‘- A2 + 82 }sjn_(-g-r + o‘?\’ ﬂ : o (}ox
where ' o . |
. N -] . ) 4 - " ) | B . \ﬁ\' . )
o = tan = (A/B) S . S an

N
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a

Similarly, the fundamental component of the R.F. voltage may be -
written as

Ry

+ 0% sin (Fx+0) (12)

2

where .

1

o= tanTl (G/D) e ()

Letting the electronic impedance (ze) be defined as.
. : N\,

2o = V() /Ty - \ (14)

then, upon using the relations given in Egs. (10) to {(A3), the real

v -

and imaginary parts of_ze are,

Real (z,) = | V(;)f/T§(T)f [ cos(¢-0) | - (18)
Imaginary (z,) = | V(e)g/TH()f | sin(o-0) = o (16)
o In the computer program; Fourier analysis was carried out

using over one hundred points fo~ each period ana]yzed.{ As a check

. on the accuracy of the fesU]ts, the waveform for the R.F. VOltagé

was anaiyzed forrfhe d.c. componeht'and the ﬁarmohic components along
w th the fundamental. . A§ thé.ré]étion for ”‘;),Qas a’éosine series,

: .the ana]ysis was coﬁsiqered aéqgrate as long aS'the magnitudes of the c
d.c. apdlﬁarmgﬁic tdmpqnents‘were very_s%%11 with respect_to’the

A~ ) L
magnitude_of the fundamenta] component.
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o APPENDIX B
DEéIVATIQN OF REFLECTION COEFFICIENT FROM CARRIER.REINSERTION
"~ The relationships between Voltage Standing wave Réffo.(VSWR),
Qo]iage ref]ecfion coefficient (r), transmission Tine cparactefistic
impedaant(Zo) and thébload 1mpedan?e/(z) are the’fo110wing;
0

I = === ; VSWR =

-7 B
1,

IVl | -
-] = r ) (2)
1 ™V.T .
. » -i : . ' ‘ N -
and V%, Vi are the reflected and incident voltage waves respective]y.
A further useful rel “ionship is |
..{ .
o+ v | TV ()
Vel vl S -
~Defining the complex reflection coefficient as
’ r=A+j8B
then . o S o
IT| iVA2+BZW’ : |r|2_=A2+['32 ' v ' (4)
. / - B .
“and . . , ‘ : .
fer) = fem?2 + 82 5 )% = (e + 8% (5)
» N . 7 s B : v .
from which ‘ - :
: A .
: . .- \ _ . /.
2 2, . _ SRR
A.='“+Pl ’é (1+|l"l. ) . ’ - ! (6)



209

and T -

B: |I"|2 =

Once the values of |1+r]2 and ]FIZ are knowa/;ng,va+ues’6?/Af;hd B

can be calculated. Both themagnitude and sign of A can be calculated.
.80 S

»bgﬂgyEﬁ%“OﬁTy/Ehe maghitude of B can be calculated. The sign of B'LS'
arrived at by“knowing the sign and magnitude of B at some time and then
mon1tor1ng ‘the va]ue of |1+PI For B to change sign the va]ue of

|1+P[ has to decrease to a minimum and then increase again.

v

Both the relations |]+rr2’and.|r|? are a direct me?s@he of
the values of |VT12“and lVrlz and therefore a direct'mea§3rd of the
incident énd ref]ectéd powers.” An R.F. detector operating in the

' square law region will give, as ﬁn output, é.d.c. voltage that is '

directly proportional to the R F. power incident upon it. Ideally then, .

an R.F. detector can be used to obtain. the values of l1+r| and,|r}2

¥

as fdllows:
. ' ) 2
| ViV |2 ) 1V1+Vr|d‘ - |]+T|2 (8)
' V . i 2 ‘d
i V.| -
: i'd
: 2 . < -
l YL "|2 = Ivr|d - Irlz , (9)
V. 2 d '

) , ‘ ' T Co
where’ the subscript "d" refers~to a quantity an R.F. detector can
measure. Since the R.F. detector is not ideal, some proport1ona11ty
constants will pe required and the re]at1ons for the complex ref]ect1on‘

cqeff1c1ent w111 ‘be



A= Ul1+F|§ -(1+s lrlg )]/2" o o (10)
and T ' v. ‘
B = Q/s |’1:|§ yy | | ()

- where Uand S ere arbitrary constants to be determined'forleach specific
RTF. oetector. | | o .

) In practice, the R.F, detectors ueed have characteristics
that display appreciabﬁé varietion whei~monitored over a wide range
oflincident RtF. signals. To account for a possible changebin the
valoes of the constants U and S, in Egs. (10) and (11), the R;F. input/
d.c. output characteristicspof the detector used, were measored over
the rigge of R.F. signal Tevels of interest.l'These characteristics N
“are shown in Fig. B.lrfor various detector bias vo]teges. Byamaking

a piecewise Tinear approximation to these curves ‘alues of U and S

can be obtained for each individual linear approximation segment.

-

The constants U and S, are determined by measur1ng a 1oad
whose comp]ex reflectlon coeff1c1ent is known The general procedure :
is to take the d.c. output lgvel of the R.F. detector in millivolts and

find the equ1va1ent R.F. power 1n milliwatts from Fig. B 1. This

=

equ1va1ent R.F. power is then the Subscripted va]uev(Vd") in Eqs (10)

and (11). The values of U and S are those for the appropiate p1ecew1se

Tinear approx1mat1on that appifes to that part1cu1ar range of R.F.
detecteﬁ‘%eye]s. Th1s procedure is fo]]owed for the range of R.F.-1evels“
- of 1nterest "The-COmp1ex¢ref1ection coefficient of an unknown load
can be found.by é§11ow1ng a similar procedure of convert1ng the _
detected d.c. levels to equ1va1ent R.F. powers, from Fig. B 1, and

fp‘ ..\ . -

substituting these values into Eqs.‘(10)'and (11).

N
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APPENDIX C

R.F. DETECTION
The R.F. detector unit used in the work reported here was
a commerc1a11y ava11ab1e Hewlett-Packard Crysta1 Detector Model J424A.
The waveguide mount has a bandwidth of 5.3 - 8 2 GHz, with the
detector diode 1tse1f having a much broader frequency range. Schematic
di-grams of the physical and”é]ectrica] properties»of this R.F.

det~":or unit are shown in Fig. G.1.

AThe crystal diode may be considered as‘a vo]tage geherator.v
with an internal resiftehce of 3K to 20K ohms;shuqted by approximately
10 picofarads of capaeitance. This gives the detector an R.C. time
constant of from 30 to 200 nanosecondé. The eduiva]ent internal |
‘resistance cah be reduced to around 200 ohms by forward biasing the
céystal d1ode this places’ the va]ue of the R C time constant 1n the
range of 2 nanoseconds. Thus, the response time of the R.F. detector

uth can be controlled by adJust1ng the forward bias of the crysta] .ﬁ
d]ode

This'forward b1as wae’app]ied in sehies’with a 10K ohm
resistor as shown in Fig. ‘6.5, As“onlyfa feh f d millivolts are
‘requtred to forward bias the- detector diode;ha iOK ohm hesistor'wés
placed in series with the detector andithe-biasihg d.c. power supply.
This allowed the use of a common]y available power supp]y and also
protected the delicate crysta] diode from trans1ents 1n the,uperat1on
of the b1as1ng,power supply. The ser1es 10K res1stor was p]aced in

the center conductor of a RG58 A/U coaxial cable and located 1n§1de
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D.C. OUTPUT
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the BNC connector at the detector end of the cable. In this way -L

. parasitieneffects were reduced while still providing a convenient

" method of applying the bias voltage to the detector unit.

To ensure adequate respohse time in the.deteEtor system,
the output of the detector was connected directly to the 50 ohm
oscilloscope chaT9é1. This constituted a ﬁeavy lToading of the R.F.'»

detector unit which decreased the sensitivity of the unit and

‘necessitated the use of the most sensitive range. of the oscilloscope”.

channel (10 MV/cm). By connecting tpe'positive biasing voltage and

" the oscilloscope channel to the;R;F.\Hetector unit with a BNC tee,

two advantages were realized. One advéhtage was that the actual for-

-

ward bias across the detector could be monitored on the oscilloscope

and'a]éo, this positive bias voltage offset the negative d.c. Tevel

that is the normal output of the detector unit, thus making it easier’

to use the most sensitive scale on the oscilloscope channel.



