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ABSTRACT 

LARGE-SIGNAL CHARACTERISTICS OF AVALANCHE-DIODE OSCILLATORS 

by 

Paul ThecdorP Greiling 

Chairman: George I. Ha,ldad 

The p11rpose of this study is to invL·stigate the iarge-sign:i.2-

0perat ir't'; charf:icte ri sti cs of IMPATT diodc3. Large-s igm1-'- anal:;.ses for 

two ty JH,S of moJt..: is ar•· pr':::s'=nt ed urn.i exp~ ri mentaL re:;ul ts ar0 c btained 

A ~arge-:;ignc:.l ar.a:.:,·sis of a Read dic,Je is prt>sentt--.:. The ar:a1.,:;sis 

jn,~orporatt.:s th,, ass11mptic.n:; assoclat<.:J with a Rf•ad di0de. ':'cw adrr.ittan,:e 

is sbtainerJ as a f•-1~.ction c,f frE:'q1.,. .... ncJ, RF volt.ag .. , ie cia.s cu:-rent an·l 

trar.sit angi1:. ':'hi· ~imitc1ti,:;n3 e,n Ui~ RF vo1tage with respect to !Tlair,-

taining field-independent velocltjes are also investigated. 

th~ jc, singie-fP<l'_.er.cy and mui.tit'rt!qucncy charaeteri:.,ti~::; ...:t' rf:'a::..ist..k 

Ir.'b\TT ·llorJ~·~ ar .... prr0 sentt·J. The ar.al.'lsi:; ai lows f::;r carder "1'~~-:..i-

'."Jr at ..:ve1·J poir.t :r: the uio,jp u.r~j 

a r,1~1ctlc-:--. cf th•· !'re:iu•·rw:,, HF vol.tai~c ar.i J,· r,: ,:; ~·1rrent fer di!'f.,n·r.t 

prof' i les. 3e·,cral important results are outained wn Leh iridic:atF: that ar. 

optim1,m frcyucr.<'J exists fur maximum nr>l?'ative c0r:duct.ar,ce, the dcping 



density is an important parameter in determining the admittance and the 
~ 

negative conductance can be enhanced or degraded by the rela~ive phase 

angles of the RF voltages in multifrequency operation. 

The operating characteristics are measured experimentally. An 

equivalent circuit for the diode package and mount is obtained and 

verified by C-V measurements. Also from C-V data the doping density of 

two different diodeE is determined. The admittance is measured by both 

a reflection-type circuit and an oscillator circuit as a function of RF 

voltage, de bias current and frequency. The experimental results are 

correla~ed with the theoretical results. 
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CHAPTER I. INTRODUCTION 

l.l Historical Background 

1.1.1 Transit-~ Negative Resistance!!!, Semiconductors. The 

concept of negative-resistance devices, due to transit-time effects in 

semiconductors, was first demonstrated by Shockley1 in 1954. He showed 

that the negative resistance of the device was due to a phase lag of the 

externally induced current with respect to the voltage caused by 

the diffusion time across the base region of a transistor-type structure. 

The device proposed by Shockley consisted of a pnp structure in which 

carriers are injected at one of the p-n junctions end diffuse through the 

n-region to the otper junction. The device impedance has a negative 

reel part when the external current induced by the diffusing carriers 

lags the voltage by more than 90 and less then 270 degrees. 

In 1958 Read2 proposed a diode structure in which the phase lag 

between the current in the device and the voltage across it was obtained 

by both transit-time effects of carriers and their generation by impact 

ionization. + + The structure proposed by Read was an n ~ip diode in which 

the injection of the carriers into the intrinsic or drift region was 

+ accomplished by avalanche multiplication of the carriers at then p 

junction. Read showed theoretically, after several simplifying 

assumptions, that such a device was capable of producing high-power 

microwave oscillations with efficiencies of 30 percent. Several problems 

associated with the semiconductor technology had to be overcome before 
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this particular structure could be realized. It was not until 1965 that 

Lee et al. 3 solved the technological problems and obtained oscillations 

from a Read structure at 180 MHz. However, around the same time, Johnston 

et al. 4 obtained microwave oscillations at 10 GHz from a simple, 

avalanching p-n junction. 'lbese results indicated that it was not 

necessary to fabricate the Read structure in order to obtain negative­

resistance devices at microwave frequencies but that a broad class of 

structures existed which exhibited negative resistance. All of these 

structures, including the Read diode, are now generally referred to as 

IMPATT diodes for impact ionization ~valanche transit time. 

Misawa 5 showed that a smell-signal negative resistance of the 

transit-time type exists in junction diodes- with a wide range of doping 

profiles. Misawe's computer solutions for the small-signal impedance 

were compared to those obtained by Read end were shown to be qualitatively 

similar for a wide range of doping profiles. Gilden and Hines 6 derived a 

simple equivalent circuit for the Read diode using a closed-form expression 

for the small-signal impedance and assuming a short transit angle. The 

electronic tuning effects due to the de current could be clearly seen from 

their equivalent circuit. Fisher7 developed a small-signal analysis in 

which the avalanche region of the diode, although still assumed to be 

narrow as in the Reed diode, could be located any place in the space-charge 

region of the diode. Also several of the assumptions used in other 

analyses, 2 ,e such as equal saturated drift velocities and ionization 

rates of the carriers, were removed. His closed-form solutions for the 

impedance were shown to be in agreement with Misawa's results. Gwnmel 

and Scharfetter8 extended Gilden and Hines' small-signal analysis to 
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include diodes in which the avalanche region is not necessarily narrow. 

They obtained small-signal admittance plots for a Read diode and for 

more realistic diode structures in which the avalanche region occupies 

some fraction of the total depletion region. They found that optinrum 

performance is achieved when the avalanche region is approximately 

one-third of the drift region. 

Small-signal results predict the range of current and frequency 

in which an IMPATT diode will oscillate if placed in the proper resonant 

circuit. These results also indicate the magnitude of the maximum negative 

conductance which can be generated by the diode. However, no data on 

power output, efficiency and other important effects such as electronic 

tuning can be obtained since IMPATT diodes are nonlinear devices and the 

space-charge distribution under large-signal conditions is much different 

from the small-signal case. 

The first large-signal analysis which was employed to predict the 

large-signal operating characteristics was performed by Evens and Haddad. 9 

They obtained a closed-form solution of the nonlinear equations of· a 

Read model by assuming a short transit time in the drift region. Several 

important large-signal characteristics were predicted from this simple 

model. The restriction of a short transit time was removed from the 

analysis bJ Greiling and Haddad. 10 Scharfetter and Gummel11 developed a 

computer program for obtaining a numerical solution to the basic 

equations which govern the operation of the IMPATT diode. These include 

the continuity equations for holes and electrons and Poisson's equation. 

1hey have attempted to make their model as exact as possible by including 

carrier generation and recombination due to impact ionization and defects, 
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respectively, and the variation of mobility as a function of electric field 

and doping density. They have also assumed that these effects are not 

equal for both electrons and holes and have included the effect of the 

microwave circuit on the diode in which it is placed. Their program is 

presumed to give the most accurate and detailed solution for the large­

signal operating characteristics of IMPATT diodes. However, the amount 

of computer time necessary for its execution is prohibitive for any detailed 

study of the effect of different diode parameters on its operating 

characteristics. A large-signal analysis was developed by Greiling et al. 12 

in which IMPATT diodes with any doping profile could be analyzed. Though 

not all of the physical parameters included by Scharfetter and Gummel 

were included in this analysis, it does give good physical results for the 

large-signal operating characteristics of IMPATT diodes. The amount of 

computer time required for execution is such that it is also possible to 

use the analysis to study the effect of different diode parameters on the 

operating characteristics. 

Because of the brQadband negative resistance and the nonlinearities, 

IMPATT diodes operate under nrultifrequency conditions as well es single­

frequency conditions. Although the analyses of Scharfetter and Gummel 

and Greiling et al. can be employed to investigate multifrequency operation, 

the amount of computer time necessary for execution becomes too costly 

for a detailed study. Blue1 s employed a Read-type model analysis and 

obtained some results concerning multifrequency operation. Schroeder 

et al. 1
~ have also used this type of analysis end have performed a more 

extensive study of the multifrequency large-signal operating characteristics 

of Read diodes. These results were also compared to more realistic diode 
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structures and good agreement was obtained. These results indicate that 

under the proper operating conditions the output power, efficiency and 

frequency range could be somewhat improved, Also these theoretical 

results were found to be in excellent agreement with experimental results 

reported by Swan. 15 

1.1.2 High-Efficiency Mode. In 1967 Prager et al. 18 observed 

experimentally high-efficiency operation of IMPATT diodes under pulse 

conditions at low frequencies. Since the negative resistance of IMPATI' 

diodes is caused by a phase shift in the current, which is due in part 

to the transit time of the carriers, there exists a low-frequ~ncy cutoff 

below which the phase shift is not sufficient for negative resistance 

to exist. The frequency of operation observed by Prager et al. was well 

below this cutoff frequency and thus the negative resistance was not due 

to transit-time effects. This has been referred to as the "anomalous mode." 

The low frequency was found to be a subharmonic of a high-frequency 

oscillation which was trapped in the diode cavity and was in the normal 

transit-time range. Johnston et al. 17 obtained oscillations from Ge diodes 

operating pulsed with efficiencies exceeding 4o percent at frequencies of 

2 to 5 GHz. Also the second harmonic of the signal was found to be present 

at the diode. Using these experimental voltage waveforms as input for 

their computer program, Scharfetter et al. 18 discovered the cause for the 

oscillations at the low frequencies. They found that under certain 

conditions it was possible to form an "avalanche shock front" 19 which 

propagates through the diode at a velocity which is much greater than the 

saturated velocities of the carriers. The front leaves behind it a region 

of very high carrier concentration and low field. '!be carrier~ are trapped 
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in this low-field region but the electric field is still large enough to 

move the carriers. A low-frequency recovery transient then occurs which 

brings the diode back to the initial state and the process is repeated. 

Thus the diode switches from a low-voltage, high-current state after the 

avalanche shock front has formP.d to a high-voltage, low-current state after 

the trapped carriers have been extracted from the diode. This current 

and voltage waveform produces a high-efficiency diode at the low frequency. 

The name assigned to this mode by Scharfetter et al. 18 was the "TRAPATT" 

~ode for trapped ~lasma ~valanche ~riggered ~ransit. 

Hoefflinger 20 presented an explanation for the high-efficiency, 

low-frequency operation which did net require the existence of the trapped 

plasma. 18 By superposition of several harmonically related voltages across 

the diode, his analysis predicted high-efficiency operation without 

trapped plasma formation. However, some doubt has been raised concerning 

this analysis due to recent work by Schroeder and Haddad. 21 Clorfeine 

et al. 22 have presented a simplified explanation of the high-efficiency mode 

based on the existence of an avalanche shock front in which they obtained 

a closed-form solution for the operating characteristics of the device. 

A similar explanation of the high-efficiency mode was also presented by 

Scharfetter. 23 

This study will be concerned with the transit-time mode of ~peration 

of IMPA'rl' diodes and the high-efficiency mode will not be considered. 

1.2 State of the Art ------
IMPA'rl' diodes have become practical microwave devices. Since their 

inception a great deal of work has been performed on them and very 



-7-

significant results concerning power output, efficiency and frequency range 

have been obtained. These diodes have been operated as oscillators and 

amplifiers from 500 MHz to 34o GHz. Operation has been achieved from a 

single diode chip, several diode chips in one package, several diodes 

mounted in parallel and series and in single-frequency, multifrequency 

and high-efficiency modes. 

IMPA'l"I' diode performance has been greatly enhanced due to 

technological developments. First, by providing a bett~r heat sink, the 

output power has been greatly increased in X-band. This was obtained by 

mounting the diode "upside down" with the junction bonded to the heat sink 

(flip chip) rather than the substrate. Swan24 has shown that by using a 

diamond instead of a copper heat sink the performance could be improved. 

He obtained 2.7 W CW in X-band with a single diode and 4.7 W CW with 

two diodes mounted on the same heat sink. The efficiency obtained was 

8 percent. Recently work hes been reported by Kim and Armstrong25 in 

which 11 percent efficiency was obtained at X-band from a GaAs Schottky­

barrier IMPATT diode. More recently they and others28127 have reported 

efficiencies between 10 and 15 percent in X-band from GaAs and Ge 

Schottky-barrier IMPATT diodes. 

A second improvement has been the reduction of the skin-effect 

losses in the substrate at high frequencies. This has been shown to 

contribute a significant loss to the diode at high frequencies by 

DeLoach. 28 Edwards et al. 29 have reduced this loss by making diodes with 

very thin substrates(~ 5 µm). They obtained 10 percent efficiency at 

55 GHz with 650 mW CW output power and 3,2 percent efficiency at 110 GHz 

with 75 rri,/ CW output power. 
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At the low-frequency end of the IMPA'l'T diode spectrum the diodes 

are operated in the high-efficiency mode rather than the transit-time 

mode. Some of the best CW results in this mode have been obtained by 

Iglesias and Evansso with 5.5 W CW from a single diode operating at 450 

MHz and with 43 percent efficiency. Liu and Riskos1 have operated five 

diode chips in a single package in the high-efficiency mode and obtained 

1.2 kW of pulsed power at 1.1 GHz with 25.6 percent efficiency. A summary 

of some of the significant experimental results are presented in Table 1.1 

and Fig. 1.1. These indicate the state of the art at this time. 

!.:,2 Dynamic Characteristics of IMPATT Diodes 

1.3.1 Introduction. Before discussing the physical operation of 

an IMPATT diode, it is helpful to derive the maximum output power and 

efficiency for certain voltage and current waveforms. In the next section 

it will be shown how currents and voltages of the form shown in Fig. 1.2 

are generated in :DfPA'l'T diodes. 

The average power dissipated for the waveforms shown in Fig. 1.2 is 

p = 
1 
21( J xn I V sin wt dwt 

. max RF 
J( 

where I , VRF and x are illustrated in the figure. Performing the max 

integration, the following result is obtained: 

p = 

The negative sign means that the power is delivered rather than 

dissipated. 

(1. 1) 

(1.2) 

---



Frequency Power Efficiency 
(GHz) OutEut (Percent) 

9.9 54o mW 15.3 

11.1 500 mW 11.5 

13.3 4.7 w 8 

55 650 ,rji 10 

110 75 mW 3.2 

8 30 w 4-5 

21 8.8 w 4-5 
341 1 mW too small 

o.45 5.3 w 43 

1.1 1.2 kW 25.6 

3 20 W 30 

6.5 3 w 17 

Table 1. 1 

* Status of IMPA'rI' Diodes 

Mode of 
_Q£eration Material 

IMPATT, CW GaAs 

IMPA'I'l', CW GaAs 

IMPA'I'l', CW Si 

IMPA 'I'l', CW Si 

IMPA 'I'l', CW Si 

IMPATT., pulsed Si 

IMPA TT, pulsed Si 

IMPATT, pulsed Si 

High-'l, CW Ge 

High-T\, pulsed Si 

High - Tl, pulsed Si 

High-Tl, pulsed Si 

Number of 
Authors Diodes 

de Nobel27 1 

Kim and Armstrong25 1 

Swan24 2 

F.d.wards et al. 29 1 

Edwards et al. 29 1 

Gilden and Moroney32 1 

Gilden and Moroney32 1 

Bowman and Burris33 1 

Iglesias and Evans30 1 

Liu and Risko31 5 
Grace and Gibbons 34 1 

Ying et al. 35 1 

* This data was compiled by M. S. Gupta, Electron Physics Laboratory, The University of Michigan, 
Ann Arbor. 

I 
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The maxirm.im current, I , is related to the de current by max 

which reduces to 

Ide = 

Therefore 

= 

I 

I 

1 
21( 

max 

max 

I drot max 

(x;l) 
' 

2Idc 
= 

X - 1 

which when substituted into Eq. 1.2 gives 

p = 
+ cos 
X - 1 

(1.3) 

(1. 4) 

(1. 5) 

(1. 6) 

The maximum output power can be found by taking the derivative of the 

output power with respect to x and finding the value of x which makes 

the derivative zero. However, the resulting equation for the derivative 

is difficult to solve explicitly for x and thus an easier method is to 

plot the output power as a function of x. This is done in Fig. 1.5 

where the output power is normalized by setting 

= 1 (1.7) 

The maximum output power occurs for x approximately equal to 1.742. 
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The efficiency T} of a device with these waveforms is given by 

(1.8) 

which yields for this case 

T} (1.9) 

The efficiency for different values of VR,/Vdc is plcttted as a function of 

x in Fig. 1.3 and also has a maximum for x equal to approximately 1.742. 

'The Read Diode. -- An understanding of the dynamic operating 

characteristics of IMPATT diodes can best be obtained by considering the 

operation of a Read diode. The structure and field distribution for a 

reverse-biased Read diode are shown in Fig. 1.4. The avalanche region 

(p-region) isassumed to be narrow and doped such that at low values of 

+ reverse bias all of the voltage drop occurs across then p junction. As 

the bias is increased the depletion region extends through the intrinsic 

ip+ i region to the junct on. The bias is increased until avalanche 

breakdown occurs. At this point the field distribution is such that 

carrier multiplication by impact ionization occurs in the avalanche 

region, carriers drift at saturated or field-independent velocities in the 

drift or i-region and no impact ionization oc~urs in the drift region. 

Under these conditions the current in the diode is primarily due to the 

holes generated in the avalanche region and drifting through the drift 

region. The electrons which are generated in the avalanche region are 

+ quickly swept out into then -region. 
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FIG. 1.4 STRUCTURE AND FIELD DISTRIBUTION OF A Rl!.VERSE-BIASED 

READ DIODE. 
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'nle negative resistance or conductance of a Read diode is 

attributed to a phase shift between the current through the diode and the 

voltage across it. This phase shift consists of two components. There 

is a phase delay of the current caused by the avalanche rrrultiplication 

process and by the finite transit time of the holes drifting through the 

drift region. The phase delay caused by the avalanche process results 

from the condition that the rate of generation of electron-hole pairs in 

the avalanche region is proportional to both the electric field and the 

density of pairs that are already present. If a small RF voltage of 

sufficiently high frequency is assumed to be superimposed along with a 

de voltage near breakdown across the diode, the rate of generation of 

electron-hole pairs will exceed the rate at which the pairs leave the 

avalanche region. 'nlus both the density of carriers end the current will 

grow exponentially with time as long as the RF and de volta~es add to 

give a total field above breakdown. When the RF voltage changes sign 

and subtracts from the de voltage causing the field to fall below break­

down, the generation rate starts decreasing, causing the current to decrease. 

Thus the current generated by the avalanche process will have its maxirrrj•n 

when the RF field goes through zero. Thus, as shown in Fig. 1.5, the 

avalanche process contributes a 90 degree inductive phase lag to the 

current generated in the avalanche region. This current is then injected 

into the drift region of the diode. Tile current induced in the external 

circuit by this charge drifting through the drift region at a saturated 

drift velocity is shown at the bottom of Fig. 1.5. Thus the fundamental 

component of the external current is more then 90 degrees out of phase 

with the RF voltage causing the resistance or conductance of the diode 
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to be negative. In order for the diode to operate as a stable oscillator, 

the negative conductance of the diode nru.st decrease with increasing RF 

voltage. The RF voltage across the diode will grow until the admittance 

of the diode is balanced by the admittance of the diode mount and micro­

wave circuit. The diode will oscillate at a frequency and RF voltage 

level where the diode admittance is equal and of opposite sign to the circuit 

admittance. 

There are several important effects which nru.st ~e included in this 

explanation. First is the effect of the space charge of the carriers. 

As mentioned previously, the current in the diode consists primarily of 

holes which will cause the electric field to decrease behind them and 

to increase in front of them as they drift across the drift region. As the 

holes are generated in the avalanche region and injected into the drift 

region they cause the field in the avalanche region to be depressed. 

In Fig. l.E the effect of the space charge on the field in the avalanche 

region is illustrated. The dashed line corresponds to the field and 

current without space charge while the solid line represents the field and 

current when space charge is taken into account. Thus the effect of the 

space charge of the holes is to decrease the field and cause it to drop 

below the breakdown level before the RF voltage does. Therefore the 

phase lag of the current due to the avalanche process is decreased. If 

the RF voltage is held constant and the de current is increased, which 

means the space charge in the diode is increased, the field in the 

avalanche region will drop below the breakdown level earlier in the 

cycle. Thus the phase lag of the current will decrease with increasing de 

current and constant RF voltage as shown in Fig. 1.7. Conversely, if 

the de current is held constant but the RF voltage is increased the phase lag 
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of the current is increased. For constant de current the amount of space 

charge is constant and thus the field is decreased by a set value. But 

as the RF voltage and field increase in magnitude this set value of 

depression of the field causes the field to drop below the breakdown 

level later in the cycle. This effect is illustrated in Fig·. 1.8. As 

the holes drift across the diode and are collected on the opposite side, 

the space charge in the diode decreases and the RF field decays toward 

the no-space-charge field as shown in Fig. 1.6. 

The additional phase delay needed for negative conductance is 

caused by the transit time of the holes. The effect of the transit time 

on the frequency range of operation of the diode can be easily understood 

by assuming that the current generated in the avalanche region is 

generated in a sharp pulse. The exact time in the cycle that this pulse 

is generated will be a function of the de current and the RF voltage as 

discussed above. Making this assumption, the field, avalanche current and 

external current are shown in Fig. 1.9. The phase delay caused by the 

transit time is proportional to ruT, where Tis the transit time in seconds. 

For a given diode the transit time T remains constant but the phase delay 

decreases with decreasing frequency. At a sufficiently low frequency the 

phase delay of the transit time plus the phase lag of the avalanche process 

are not sufficient to have the fundamental component of the external current 

lag the RF voltage by 90 degrees or more. Therefore below a certain cutoff 

frequency the conductance of the diode is positive. As can be seen from 

the effect of the RF volt~ge on the phase lag in the avalanche process, 

the conductance will be negative at lower frequencies for larger RF 

voltages. However, for these frequencies the diode will no~ be a self­

starting oscillator since the small-s_ignal conductance is positive. 
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As the de current is increased the cutoff frequency is increased due to 

the effect of the current on the phase lag in the avalanche process. 

Gilden and Hines6 showed that the small-signal cutoff frequency increased 

as the square root of the de current. 

1.3.5 IMPATT Diodes. The Read diode is a convenient structure 

for analytical purposes and for obtaining a physical understanding of 

IMPA'l91' diodes, but it is difficult to construct. The p-n junction is 

easier to fabricate but much more difficult to analyze. In the p-n junction 

the avalanche region and drift region are not separated but rather carriers 

are generated while they are drifting through an appreciable portion of 

the diode. Also both electrons and holes take part in the conduction 

process rather than just one type of carrier. Thus it is not possible 

to separate the two phase-delay components as in the Read diode. However 

the mechanisms causing the phase delay between the voltage aud the current 

in IMPATT diodes are still the transit time and the avalanche process. 

Another difference in IMPATT diodes is the cutoff frequency. Misawa5 

has shown that the cutoff frequency for a diode with a uniform field in the 

depletion region (a pin diode} goes to de. This is due to space-charge 

effects on the field distribution which are comparable to those observed 

in a gas discharge rather than to transit-time effects. Hoefflinger38 

has shown that for high current densities (large space charge) the cutoff 

frequency for a Read structure goes to de due to avalanch~ng in the drift 

region caused by the large space charge present. 



1.4 Outline of~ Present Study 

In this study large-signal models of a Read and an IMPA'IT diode 

are obtained and analyzed. Experimental results are also presented and 

compared with the theoretical ones. In Chapter II a large-signal mod.el 

for a Read diode is presented for which any transit angle can be investigated. 

The analysis removes the restriction of a short transit angle used by 

Evans and Haddad. 9 The results show that there exists an optimum transit 

angle for maximum negative conductance as discussed previously. Limits 

on the maxinru.m RF voltage which can exist across the diode without causing 

the carriers in the drift region to drop out of saturated velocities 

are investigated as a function of the transit angle. These results show 

that there exists an optinnun transit angle for maximum efficiency which 

differs from that for maximum negative conductance. Also the effects of 

nonsaturated drift velocities in the drift region on the properties of 

the diode are discussed. 

In Chapter III a large-signal model for an IMPAT.I' diode with any 

doping profile is derived. Starting with the continuity equations for 

holes and electrons, Poisson's equation and an equation for the field 

dependence of the carrier generation rate due to impact ionization, a 

nonlinear integro-differential equation for the total currtat density is 

obtained as a function of the electric field. For a given electric field 

the equation has a periodic solution. The total current density is then 

separated into the corresponding hole, electron and displacement current 

densities. Using the hole and electron current densities the electric field 

is modified to give the proper space charge and then this new field is 

used to find the total current density again. 'I.he iterations are repeated 
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until the admittance of the diode changes by less than a prescribed 

percentage. The significant contribution of this analysis is that realistic 

diodes with different doping profiles can be compared. The analysis is 

not limited to having a narrow avalanche region and a long drift region 

but can handle doping profiles such as the pin diode where avalanching by 

impact ionization occurs throughout the entire diode. Thus the analysis 

can be employed to compare realistic diode structures with different doping 

profiles with respect to admittance, frequency range, power output, 

efficiency and other operating characteristics. A comparison of this 

type is presented in Chapter III. 

Chapter IV describes the experimentnl method for measuring the 

large-signal admittance of an IMPATI' diode as a function of frequency, 

RF voltage and de current. An equivalent circuit for the diode package 

and mount is developed which is used in measuring the admittance of the 

diode by two different methods. In the first method the diode is used as 

a reflection-type amplifier and in the second, the admittance seen by 

the oscillating diode is measured. The results of both methods are 

compared and these experimental results are compared with the theoretical 

results of Chapter III. 



CHAPTER II. LARGE-SIGNAL ANALYSIS OF A READ DIODE 

2.1 Introduction 

In this chapter a mathematical model is presented which describes 

the large-signal operating characteristics of a Read diode. Following 

the analysis of Evans and Haddad, 9 a nonlinear integro-d.ifferential 

equation is obtained which describes the time dependence of the current 

generated in the avalanche region on the electric field. The solution ~f 

the equation was obtained by an iterative technique on an mM 7090 

computer. From these results, the large-signal operating characteristics 

are obtained for different diode parameters and biasing conditions. The 

de breakdown voltage and the effect of the RF voltage on the field in 

the drift region are investigated. '!be maximum RF voltage which can 

exist without having the diode forward biased or having the carriers 

drift at nonsaturated velocities is found. Finally, the effect of 

nonsaturated drift velocities of the carriers on the negative conductance 

of the diode is discussed. 

2.2 Large-Signal Analysis 

2.2.l Basic Equations!,!!!! Assumptions. The continuity equations 

for holes and electrons and Poisson's equation relate the current and the 

electric field in the diode. The one-dimensional continuity equations 

with terms included to account for carrier generation by impact ionization 

are given by 

-27-
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* 1 
oJ 

= rx + a pv + a nv (2 .1) 
q p p n n 

and 

dn 1 
dJ 

n + a pv + a nv (2 .2) dt = dx , 
q p p n n 

-where p = the hole density (cm-3
), 

n = the electron density ( cm - 3 ), 

J = the hole current density (A/cm2
), p 

J = the electron current density (A/ cm2
), n 

q = the electronic charge (c), 

a = the ionization rate for holes { cm -i), 
p 

a = the ionization rate for electrons (cm -i), 
n 

V = the hole velocity (cm/s) and p 

V = the electron velocity (cm/ s). n 

The ionization rates a and a are dependent on the electric field E. 
P n 

An approximate relation for the ionization rate which can be applied to 

several semiconductors may be expressed as 

a = A' exp [- 0' r ] 
-where A', b' and m' are determi~ed experimentally. Values for these 

constants, which depend on the type of carrier and material, may be 

found in the literature. 37
,
38 

Poisson's equation relates the field and carrier densities es 

(2. 3) 



oE Sl (N - NA + P - n) (~. 4) ~ = ' e: D 

where ND = the donor density ( cm -3 ), 

NA :a: the acceptor density (cm-3
) and 

€ = the dielectric constant (F/cm). 

In order to determine the characteristics of IMPA'M' diodes it is 

necessary to solve Egs. 2.1 through 2.4. Misawa5 has obtained computer 

solutions to these equations assuming the usual small-signal assumptions. 

Evans and Haddad9 made several simplifying assumptions to these equations 

and obtained a closed-form solution under large-signal conditions. The 

analysis presented in this chapter is an extension of their analysis and 

therefore the derivation of the equations relating the field and current 

which are solved on the computer will not be presented. The derivation 

can be obtained from Evans. 38 However the assumptions which have been 

employed in this analysis will be discussed so that the results can be 

interpreted correctly and the analysis can be compared with the more 

general analysis presented in Chapter III. 

The first assumption is that the Read diode is divided into two 

regions: a narrow end region in which the field is assumed high enough 

to generate carriers by impact ionization, and a second, larger region 

in which the carriers injected from the avalanche region drift at 

saturated or field-independent velocities. '!bus the avalanche and drift 

regions are assumed constant in width and independent of the RF voltage 

and current density. 

A second assumption is a = ex = ex. In GaAs the ionization rates P n 

are eguel37 and in Ge they are approximately equal38 whereas in Si the 
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rates37 differ by about a factor of ten. However, for the Read diode 

the avalanche region injects only one type of carrier into the drift 

region and therefore the contribution of the other carrier to the total 

current is small. 

The electron and hole velocities are assumed to be equal and _ 

saturated. In Si, the velocities are approximately equal. 40 In Ge and 

GaAs, the amount of data in the literature on the saturated velocity of 

the carriers is quite limited. Paige 41 has measured the velocity of 

electrons and holes in Ge as a function of the electric field for different 

temperatures. His results give a saturation velocity for electrons but 

do not show any clear saturation of the hole velo~~ty before impact 

ionization occurs. Results by Butcher and Fawcett42 show a saturation 

velocity for electrons in GaAs. However, the only results for the hole 

velocity have been measured by an indirect method of inferring the 

velocity from the small-signal impedance of an avalanche diode which was 

done by Kim. 43 Thus the exact number to be used for the velocity and 

whether or not the electron and hole velocities can be assumed equal have 

not been resolved yet. However, since in the Read diode the current 

consists primarily of one type of carrier the main effect of the 

magnitude of the saturated drift velocity is on the frequency range of 

operation. The phase delay of the transit time of the carriers is 

proportional to the transit angle. The transit angle is 
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where f = the operating frequency (c/s), 

~ = the length of the drift region (cm) and 

v = the saturated drift velocity (crrJs). 
s 

Thus the phase delay is inversely proportional to the saturated velocity. 

Therefore in order to obtain a given transit angle the frequency will be 

a function of the magnitude of the saturated velocity, but the behavior 

of the admittance, power output and efficiency will not be directly 

affected by the velocity other than changing the frequency of operation. 

The next assumption is that the total carrier current J (t) in 
0 

the avalanche region is independent of x, i.e., 

J (t) = J (x,t) + J (x,t) o p n 
(2.6) 

This means that the displacement current in the avalanche region is also 

independent of x as can be seen from Maxwell's equation fnr 'v x K: 

'v x H 

and 

'v•'\7xH - 0 

Therefore for the one-dimensional case under consideration here, 

If 

0 J 
dX o = 0 , 

(2,7) 

{2.8) 

(2.9) 

(2 .10) 
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then 

(2.11) 

For the case where the electric field in the avalanche region is assumed 

to be only a function of time (constant with respect to x) then the 

assumption is valid. However, a field which is independent of x in 

the avalanche region does not include the space-charge effects of the 

carriers in that region. If the avalanche region is narrow and the 

-
transit time of the carriers through this region is short compared to the 

period of oscillation then this will be a reasonable assumption, 2
1

44 

Gumrnel and Blue45 have shown that the assumption of a constant total 

carrier current in the avalanche region produces an error in the 

calculation of the small-signal cutoff or avalanche frequency. In a Read 

diode the small-signal cutoff frequency as derived by Gilden and Hines8 

is 

where a 

f 
a 

, 

a = the average value of the ionization rate {cm -i) and 

(2 .12) 

J = the de carrier-current density in the avalanche region 
0 dc 

This frequency corresponds to the point where both the real and imaginary 

parts of the admittance of the Read diode go to zero. It was shown"5 that 

this frequency is in error by approximately 20 percent. However, in this 

analysis the avalanche frequency is taken as an independent parameter and 

therefore the results will not be affected greatly. 
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Another important assumption concerns the expansion of the 

ionization rate given in Eq. 2.3. As derived by McKay, 46 avalanche 

breakdown occurs when the integral of the ionization rate over the 

avalanche region equals unity. The field in the avalanche region is 

assumed to be independent of x. Thus the integral can be evaluated 

easily to give the critical field for breakdown. The ionization rate is 

expanded in a Taylor series about this critical field and only the terms 

through the first order are retained. By neglecting the higher-order 

terms, the effect of decreasing the average value of the critical field 

(and thus the de voltage) with i"ncreasing RF voltage will not appear. 

The remaining two assumptions are that diffusion effects and reverse 

saturation currents are negligible. Diffusion effects would not become 

important until large RF voltages existed across the diode causing the 

avalanche current to be generated in a sharp pulse. Diffusion would 

spread the pulse out as it drifted through the diode. The reverse 

saturation current determines the minimum current which can flow at any 

instant. nius this would affect the amount of avalanche current modulation 

caused by the RF voltage. For reasonable values of reverse saturation 

current this effect is negligible. 47 

Making the above assumptions, the following equations relating 

the electric field in the avalanche region E(t) and the total carrier­

current density J (t) can be derived: 39 
0 

mJ (t)E{t) 
0 

= (2.13) 
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where m t:. E a'(E )/o.(E ), 
C C C 

where 

E = the critical field for avalanche breakdown (V/cm) and 
C 

T = the transit time through ~he avalanche region; 
a 

E(t) J t (T - t + 7)J (?') d,' , 
t-T O 

¾ ~ Epo - EC+ (vp - Vd)/xD ' 

E = po 
the field at punch-through et x = 0 (V/cm), 

Vd = the de bias voltage (V), 

(2. 14) 

V p = the de voltage drop across the avalanche region at punch­

through (V) and 

V(t) = the RF voltage across the diode (V). 

TI-le external current J induced by the carriers drifting through the 
e 

diode is 

J (t) 
e 

= 
1 
T 

(2, 15) 

2.2.2 Outline 2.f. lli. Method of Solution of the Eguatio9s. By 

substituting Eq. 2.14 into Eq. 2.13 the following differential equation 

is obtained: 

where 

B 
2~ 

= TT , 
a C 

(2.16) 



C = 

and 

D = 
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2m 
€T TE a C 

Also single-frequency operation has been assumed so that 

V(t) = -VRF sin(wt) 

In order for the solution to Eq. 2.16 to be periodic the following 

condition must be satisfied: 

A proof of th:s constraint is given in Appendix A. 

(2. 17) 

(2. 18) 

Equation 2.16 was solved by using the IBM 7090 digital computer. 

The input parameters to the computer program are listed in Table 2.1. 

Table 2.1 

Input Parameters for Read-Diode Analysis 

f = the avalanche frequency (Hz) 
a 

Ide = the de current (A) 

A = the cross-sectional area of the diode (cm2
) 

VRF = the magnitude of the RF voltage (v) 

0 = the transit angle at the avalanche frequency (rad) a 

V = the saturated drift velocity (cm/s) 
s 

E = the dielectric constant (F/ cm) 



The constants in Eq. 2.16 are obtained from the input parameters 

as follows: 

wa = 2,rf 
a 

, (2.19) 

T :::: e / (2nf ) , 
a a (2.20) 

B = (J.)2 -r/2 , 
a (2.21) 

C = w2 V e/ (Id TV ) a RF C S 
(2.22) 

and 

D = ID2/ (Id -r) 
8 C 

(2.23) 

The solution of Eq. 2.16 is obtained by an iteration technique. An 

initial conjecture for the time dependence of J
0
(t) for one period is 

obtained from either the closed-form solution39 for short-transit angles 

or by Read's intermediate amplitude solution. 2 The better the initial 

conjecture for J (t) the fewer iterations are needed to converge on the 
0 

corxect J
0

(t). Using this initial conjecture for J
0

(t) the electric field 

in the avalanche region can be calculated from Eq. 2.14. '!his gives the 

coefficient of J (t) on the right-hand side of Eq. 2.16. If it is assumed 
0 

that this coefficient is only a function of time and is independent of 

J
0
(t) then the solution to Eq. 2.16 is 

J (t) 
0 

, (2.24) 

where 

= B + c sin (w:,,) - nf 1 (,- - '1 + ~)J (t3) ~ 
:>'-T 0 
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The initial value of the current J (o) is determined by the de current 
0 

in the following manner: 

= 
1 
T J T J (t) dt 

0 0 

where T = the period of oscillation (s). 

Eq. 2.24 into Eq. 2,25 and evaluating yields 

j (0) 
0 

== 

, (2.25) 

Therefore substituting 

(2.26) 

By Fourier analysis the fundamental component of J (t) is obtained and 
0 

can be represented by 

= R sin(wt +a) 
1 1 

where R = the magnitude of the fundamental component (A/cm2
) and 

1 

e = the phase angle of the fundamental component (rad). 
1 

(2.27) 

The fundamental component of the external current is found by substituting 

Eq. 2,27 into Eq. 2.15 to give 

J (t) 
e 

1 

1 
= -

T J t R sin(w1 + e ) d?' 
t-T l l 

(2.28) 

The admittance of the diode, which is found by the phaser division of the 

fundamental component of the external current by the RF voltage, is 

Y = G + jB , (2.29) 



where 

G = 

and 

B 

AR 
l, 

AR 
l ( [cos(wT) - l]cos(9) + sin(e )sin(wT)) 

' l l. 

The conductance and susceptance as calculated by Eq. 2.29 are compared with 

the values obtained in the previous solution for J (t). If the change 
0 

is greater than several percent then the value for J
0

(t) as found in 

Eq. 2.24 is used as the initial conjecture to solve for a new electric 

field. All of the steps are then repeated to find a new admittance. 

These iter4tions are repeated until the cRange in the admittance 1s less 

than 1 percent at which point the solution to Eq. 2.16 is obtained. 

This condition for convergence will be discussed later. 

2.3 Results of the Large-Signal Analysis 

The above analysis was used to study the large-signal operating 

characteristics of Read diodes. Three diodes with different transit 

angles at the avalanche frequency were studied. The avalanche frequency 

was assumed to be 10 GHz at 100 mA de bias current and the three transit 

angles were O. 25n, 0. 50n and O. 75,c. 

In Figs. 2.1 and 2.2 the current generated in the avalanche 

region, J (t), is plotted as a function of the phase of the RF voltage. 
0 

In Fig. 2. l the de current equals 100 mA and is held constant. The RF 

voltage is increased from 15 V to 150 v. Since the de current is constant 

the average amowit of space charge in the diode is constant, therefore, as 

the RF voltage increases the RF field in the avalanche region becomes 
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negative at a later time in the cycle. This can be seen from Eqs. 2.14 

and 2.17. Thus the avalanche current reaches its maxinru.m value at a 

later time in the RF cycle causing an increase in the amount of phase lag 

of the current with respect to the RF voltage. In Fig. 2.2 the RF voltage 

has a constant magnitude of 25 V and the de current is increased from 

4o to 100 mA. As the de current is increased, the average amount of space 

charge increases and the RF field becomes negative earlier in the cycle. 

Thus the avalanche current maximizes earlier in the cycl~ as the de 

current is increased. This decreases the phase lag of the current with 

respect to thE RF voltage. It is therefore seen that the de current 

and RF voltage have opposing effects on the phase delay of the current 

in the avalanche region. 

In Figs. 2.3 through 2.5 the conductance vs. RF voltage is shown 

for different operating frequencies. In Fig. 2.5 for the 0.25n transit­

angle diode, the negative condu~tance increases as the frequency increases. 

The increase in operating frequency effectively increases the transit angle 

of the diode. If for f = 10 GHz the transit angle w ~ = 0.25n, then for a 

f = 20 GHz the transit angle w T = 0,5n, In Figs. 2.4 and 2.5 the negative 
20 

conductance increases for increasing frequency until a maximum negative 

conductance ia obtained and the~ any increase in frequency causes a 

decrease in the negative conductance, In Fig. 2.4 the maxinrum negative 

conductance occurs for a frequency of 16 GHz which corresponds to a transit 

angle of o.8n. For the 0,75n diode the maximum negative conductance occurs 

for a frequency of 12 GHz which corresponds to a transit angle of 0.9n. 

If for this last case the operating frequency were 11 GHz, the negative 
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conductance would be larger and this would give a transit angle of o.825rr. 

Gummel and Scharfetter8 , 11 have shown that for a Read diode, the 

maxinrum small-signal conductance occurs for an operating frequency which 

corresponds to an effective transit angle of o.833rr. In Appendix B 

a derivation of the maximu~ negative conductance for the large-signal 

waveform in Read diodes shows the optirrrum transit angle to be between 

approximately 0.7~ and 1.0~ depending on the RF voltage, de current and 

frequency. Note that in the small-signal case (small RF voltages) the 

analysis shows a positive conductance for frequencies below the avalanche 

frequency and as the RF voltage is increased the conductance becomes 

negative. 

In Figs. 2.6 through 2.8 the conductance vs. RF voltage for 

different de bias currents is given. The diode is operated at a frequency 

of 10 GHz so that as the de bias current is increased from 4o mA to 120 mA 

the avalanche frequency increases from 6.4 GHz to 11 GHz. Again, for the 

small-signal case the conductance is positive for an operating frequency 

below the avalanche frequency and becomes negative for larger RF voltages. 

Figures 2.9 through 2.11 show the effect of frequency on power 

output for different loads, G
1

. For the 0,25rr case the power increases 

for increasing frequency in the same manner as the negative conductance. 

The 0.5~ and 0,75~ cases show an optinrum frequency of operation for 

maximum output power which corresponds to the same frequency for maximum 

negative conductance. 

The susceptance as calculated by this analysis does not include the 

depletion layer capacitance of the diode. This capacitance, Cd, is 

independent of the operating conditions and is only a function of the 
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area and width of the diode. Thus for a given area and width (proportional 

to the transit time) the total susceptance of the diode would be the 

susceptance presented here plus coed. Figures 2.12 through 2.14 show the 

calculated conductance vs. susceptance for different operating frequencies 

as a function of the RF voltage. As the effective transit angle is 

increased, either by increasing the frequency or by going from the 0.25rr 

to o.75rr transit-angle diode, the negative susceptance decreases. This 

can be explained by considering Fig. 2.15. The fundamental component of 

the current generated in the avalanche region J
0 

lags the RF voltage by 
1 

approximately 90 degrees. 'lbe phase delay e caused by the transit time 

is proportional to the frequency. The fundamental component of the external 

current J e 
1 

lags the RF voltage by the sum of these two phase delays. 

The conductance and susceptance of the diode are proportional to the 

projection of the external current on the imaginary and reaJ axes, 

respectively. Thus as the frequency increases, 9 increases until B goes 

to zero. For the 0.75n diode with an operating frequency of 20 GHz, the 

susceptance becomes positive since the total phase lag is greater than 

180 degrees. 

A comparison of the admittance calculated by this analysis and 

that obtained from the short-transit angle, closed-form solution9 are 

shown in Figs. 2.16 and 2.17. For frequencies near the avalanche 

frequency where the transit angle is small, the two analyses are in good 

agreement. However, as the frequency increases (larger transit angles) 

the analyses show some differences as would be expected due to the 

short-transit angle assumption. 9 
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In Fig. 2.18 the efficiency as a function of frequency is plotted 

for the three transit-angle diodes. The results are for a constant RF 

voltage of 50 Vanda breakdown voltage of 80 V. '!bus the input power 

is 8 W. 

An important limitation of this analysis which must be noted is 

that there is no constraint on the magnitude of the RF voltage. The 

analysis does not calculate the breakdown voltage of the diode and 

obviously the RF voltage must be less than this voltage or the diode 

would be forward biased during a portion of the RF cycle. Even more 

important is the fact that if during the negative portion of the RF cycle 

(when carriers are drifting through the diode) the RF voltage is too 

large, then the field in the drift region may drop below the value necessary 

tc satisfy the assumption of saturated drift velocities of the carriers. 

As will be shown in the next section, the RF voltage will be constrained 

to values somewhat less than those used in this section. 

2.4 Maximum Allowable RF Voltage 

2.4.l Limitation Due to Breakdown Voltage. The breakdown voltage 

of Read diodes is a function of the dimension and assumed doping profile. 

The length of the drift region in the three transit-angle diodes 

considered in the previous section can be obtained from 

and 

W T a 
e 

a 
(2.30) 
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Therefore the width of the drift region is 

= 
8 V 

a s 
(1) 

e 

For the diodes considered previously the avalanche frequency was 10 GHz 

and the saturated drift velocity was assumed to be 1 x 107 cm/s; the 

width of the avalanche region x
8 

was taken as one-tenth of the drift 

region width. The dimensions of the diodes are given in Table 2.2. 

Table 2.2 

Diode Dimensions 

Transit Angle Avalanche Region Drift Ree;ion 
(rad) Width (µm) Width (µm) 

0,25rc 0.125 1.25 

0.50rc 0.250 2. 50 

0.75rc 0.375 3,75 

The doping profile in the Read diode is such that, when the diode 

is reverse biased, the electric field is high enough for substantial 

avalanching to occur in the narrow avalanche region and for the carriers 

to drift at saturated velocities throughout the diode. The condition46 

for de breakdown due to impact ionization for equal ionization rates is 

J XL a[E(x) J dx 
0 

1 , 

where xL = the total length of the diode (cm). The constants for the 

ionization rate for the calculations in this section are taken for 

holes in Si. 37 

(2. 55) 
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A doping profile which can be evaluated easily is one which 

produces a constant field in the avalanche region. If it is also assumed 

that all of the ionization occurs in the avalanche region, then Eq. 2.33 

reduces to 

1 xA cx(E ) dx = 
0 C 

1 (2. 54) 

where E = the field in the avalanche region necessa~y for breakdown. 
C 

Substituting the expression for the ionization rate into this equation 

and integrating, the following result is obtained: 

(2. 55) 

This equation can easily be solved for the critical field for breakdown. 

The voltage across the avalanche region of the diode is then 

= E X 
C A 

(2. 56) 

Results of these calculations for the different transit-angle diodes are 

given in Table 2.3. The field in the drift region is assumed constant and 

equal to 2 x 105 V/cm which is a reasonable value for a saturated drift 

velocity and no impact ionization. Thus the total voltage across the diode 

at breakdown is also calculated and given in Table ?.3. 
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Table 2.3 

Parameters for Avalanche Breakdown in Read Diodes 

Transit Angle Breakdown Voltage Across Breakdown 
(rad) Field (V / cm) Avalanche Region (V) Voltage (V) 

0. 25,c 5.78 X 105 7.23 32.23 

0. 5(),c 5. 14 X 105 12.84 62.84 

0.75,c 4.84 X 10s 18. 14 93.14 

The breakdown voltage can also be calculated for a more realistic 

doping profile for a Read diode as shown in Fig. 2.19. The doping density 

+ + in the p and n regions are assumed to be large so that the field does 

not penetrate into these regions. The doping density in the p-region is 

allowed to vary while the doping density in the "intrinsic" region is set 

at 1012 cm-3
• The value of the electric field E, which gives avalanche 

m 

breakdown, is calculated for the different transit-angle diodes by Eq. 2.33. 

Again the ionization rates for holes and electrons are assumed to be 

equal. Once the maxinrum electric field E is determined then the field 
m 

as a function of xis known throughout the diode. The avalanche width, 48 

the width for which the ionization integral in Eq. 2.35 is equal to 

0.95, is calculated from the known field. The breakdown voltage for the 

diode is also calculated from the known field. 

Figure 2.20 shows the maxirrrum electric field E as a function of 
m 

the doping density in the p-region for three different-length diodes. For 

a large doping density, all three diodes behave like a one-sided abrupt 

p-n junction since all of the impact ionization occurs in the p-region 

and only a negligible amount occurs in the intrinsic region because of 

the low field in this region. As the doping density in the p-region 
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decreases, the field in the intrinsic region increases, thereby causing 

impact ionization to occur throughout the diode. The shorter the distance 

over which impact ionization occurs, the higher the field must be for 

breakdown to occur. Thus for the shorter diode at a lOvJ doping density, 

the maximum field is larger than that for the longer diodes. Figure 2.21 

shows the avalanche width as a fUnction of the doping density in the 

p-region for all three diodes. Again for a large doping density the 

avalanche width is the same for all diodes. When the doping density 

decreases so that the field in the intrinsic region is large enough for 

impact ionization to occur, the avalanche width for the three diodes is 

no longer equal. For a low doping density, the avalanche width extends 

nearly across the diode to the value of x
1 

as can be seen in Fig. 2. 21. 

The breakdown voltage for the three diodes is plotted in Fig. 2.22. For 

a large doping density the breakdown voltages of the three diodes are equal 

since the field in the intrinsic region is so low that the contribution 

to the voltage is negligible. For a small doping density where the field 

in the intrinsic region is much larger, the breakdown voltage of the three 

diodes is proportional to the width of the diode. 

In order to determine an approximate magnitude of the breakdown 

voltage for the different transit-angle diodes, the doping density which 

gives an avalanche width equal to the width of the avalanche region as 

defined in Table 2.2 is selected. from Fig. 2.21. For this doping density 

the maximum field E and the breakdown voltage can be determined. The 
m 

parameters for breakdown under these conditions are shown in Table 2.4. 
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Table 2. 4 

Parameters for Avalanche Breakdown in Realistic Read Diodes 

Avalanche Doping Maximum Breakdown 
Width (~m) Densit;;r: (cm-3

) Electric Field (vL cm} Voltase (v} 

0.125 2.5 X 1017 7.4o X 105 41 

0.250 9,5 X 1016 6.45 X 105 75 

0.575 5.6 X 1016 5,95 X 10 5 110 

From the results presented in Tables 2.5 and 2.4 an approximate 

value of the breakdown voltage for Read diodes can be deduced. Therefore 

the maximum RF voltage which could exist across the diode is obtained. 

These values are less than the maximum RF voltages assumed in the previous 

section and should be used as an upper limit on the magnitude of the 

RF voltage in those results. 

2.4.2 Limitation Due to~ Nonsaturated Drift Velocity. A second 

limitation on the magnitude of the RF voltage is its effect on the field 

in the drift region. In this case the field in the drift region may 

become ~oo low for a saturated drift velocity of the carriers to exist 

during a portion of the RF cycle. The maximum allowable swing of the 

RF volta~e is calculated for which a saturated drift velocity of the 

carriers exists in the drift region. The data from the large-signal 

analysis along with several simplifying assumptions are used. The 

avalanche current as calculated by the large-signal analysis is assumed 

to be injected at x = O in the diode as shown in Fig. 2.2j. The charge, 

which this current injects, drifts through the drift region to x 0 in a 

transit time T. At any instant of time t the charge which is injected 

at x = o is given by 
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p(o,t) = (2. 37) 

The avalanche current is assumed to be constant between each increment 

of time ot, where 5t is taken as 1/360 of the period of the RF voltage. 

Thus, charge which is injected at time t takes T seconds to drift across 

the diode, where 

T xrJvs ' 
in which n is an integer. Therefore, at some instant of time t the charge 

density as a function of x in the drift region is given by 

p(x,t) 

and the field due to this space charge as a function of xis 

E (x, t) 
Sc J X p(x,t) dx 

0 € 

The voltage drop across the drift region, due to the space charge, is 

given by 

V (t) 
SC J XD 

- E (x,t) dx 
O SC 

At any instant of tim~ t the voltage across the diode is V(t), where 

V(t) is assumed to be of the form 

V(t) vb. + VRF sin(wt) 
1.BS 

(2.39) 

(2.40) 

(2.41) 

(2.42) 
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As shown in Fi~. 2.24, the voltage V{t) acrn~s the diode can be related 

to the field in the diode by adding the voltage drop V (t) due to 
SC 

the space charge and voltage drop Emin(t) • xD. Thus the minimum field 

which occurs at x = 0 is related to the space-charge voltage by 

v(t) = Vbias + VRF sin (mt) = E i ( t ) · x0 + V ( t) m n sc 

Solving for E. (t), the following result is obtained, min 

E i (t) m n = 
Vbias + VRF sin (wt) - V

5
c(t) 

XD 

(2.43) 

(2.44) 

'lbe minimum electric field E i, which occurs et the point x = 0 of the m n 

drift region, is plotted as a function of the phase of the RF voltage 

for the three different diodes in Figs. 2.25 through 2.27. The bias 

voltage for these diodes was selected so that the field in the drift 

region with no RF or space-charge voltage would be 2 x 10 5 v/cm. This 

value of field assumes a saturated drift velocity of the carriers and is low 

enough that no appreciable impact ionization occurs. 

For a diode with a transit angle of 0.25n the avalanche current has 

transversed the drift region before the RF voltage approaches its 

minimum. Since the avalanche current is in the drift region for such 

a short time the amount of space charge is small and has little effect 

on the minimum field in the diode. Also, since the avalanche current is 

not in the drift region when the RF voltage goes through its mininru.m 

value, the RF voltage can approach the breakdown voltage in magnitude 

without causing the carriers to have a nonsaturated drift velocity. In 
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the 0.5~ diode the avalanche current is in the drift region for a longer 

period of time and therefore there is enough space charge present to 

affect the minimum field. Nonsaturated drift velocity of electrons and 

holes occurs for fields less than approximately 4 x 10 4 v/cm in silicon. 40 

Thus for the u.5~ diode the RF voltage is limited to some value less than 

the breakdown volta~e since the avalanche current is still in the drift 

region when the minimum field drops below the value for saturated drift 

velocity. The diode with a 0.75n transit angle shows even more effect 

of the space charge since the charge is in the drift region for most of 

the negative portions of the RF voltage. Here the RF voltage is limited 

to a still smaller fraction of the breakdown voltage. In Fig. 2.28 the 

minimum field which occurs during the cycle is plotted as a function of the 

normalized RF voltage for the three diodes. It is worth noting that the 

major portion of the charge which is drifting throogh the drift region does 

not see this minimum field which occurs at the beginning of the drift region. 

This charge sees some slightly larger field because of space-charge effects. 

For this analysis for saturated drift velocity the RF voltage can be 

increased until the minimum field during the transit time of the charge 

is slightly below the field necessary for saturated drift velocity. 

Large RF voltages are necessary for maximum efficiencies. Thus, in 

the 0.25n diode where the RF voltage can approach the breakdown voltage 

of the diode the efficiency would be larger than in the u.75n diode where 

the RF voltage is limited to less than one-half of the breakdown voltage. 

This is illustrated in Fig. 2.29. It must be noted though that the negative 

conductance is larger for the 0,75n diode than for the 0.25n diode and thus 

this effect works in the opposite manner. The only transit angles 
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which have been considered are these three. It is apparent that there is 

some optimum transit angle less than o.8n for maxirrrum efficiency if a 

saturated velocity has to be maintained. This can be seen from the fact 

that for small-transit angles the RF voltage can approach the breakdown 

voltage but the negative conductance is decreasing with decreasing transit 

angle. As the transit angle approaches the optimum 0.8n the ne~ative 

conductance is maximized but the RF voltage is limited to a small fraction 

of the breakdown voltage. Thus the efficiency falls off at both extremes 

of transit angles. It is worth notin~ that these conclusions are based 

on the assumption of maintainin~ a saturated drift velocity which is not 

necessary in an actual diode. 

~ Effect of a Nonsaturated Drift Velocity~ the Operating Characteristics 

It was shown in the previous section that as the RF voltage 

increases, the field in the drift region can become low enou'.h durin~ a 

portion of the RF period for the carriers to drift at nonsaturated 

velocities. In this case the effect of a nonsaturated drift velocity can 

be qualitatively understood. When the field becomes low enough for the 

carriers to drift at nonsaturated velocities, the effective transit angle 

of the carriers is increased due to the lonp;er time necessary for the 

carriers to traverse the drift region. As the RF voltage increases, the 

transit angle of the carriers increases due to the lower field. If a 

diode is operating at a frequency where its transit angle is less than the 

optimum transit angle, o.Bn, then as the RF voltage approaches the 

breakd~n voltage of the diode, the field in the drift region will become 

1~ enough for the carri .::1 s to drift at nonsaturated Vt! loci ties end the 

effective transit angle of the diode is increased. For the RF voltage which 



corresponds to the 0.8n transit angle of the carriers, the conductance 

will be maximum and the RF voltage will be closer to the breakdown voltage. 

Thus it is possible to have large RF voltages with respect to the 

breakdown voltage and maximum negative conductance. Therefore the output 

power and efficiency will be improved. 49 However, if the effective 

transit angle becomes larger than the optinrum for maximum negative 

conductance due either to an operating frequency which is too high or 

to a nonsaturated velocity which is too low, the output power will be 

degraded. The amount of improvement in output power and efficiency would 

have to be determined bys detafled analysis. However, it is apparent 

that the effect of nonsaturated drift velocities could improve the 

performance of the diode. 

2.6 Conclusions 

In this chapter a mathematical model for studying the large-signal 

operating characteristics of a Read diode has been presented. The model 

has no limitation on the transit angle. It was demonstrated that the 

results agree with the short-transit angle analysis8 for transit angles 

less than 0.25n and that the optimum transit angle for maximum negative 

conductance is approximately o.8n. In Section 2.4 the limitations on 

the magnitude of the RF voltage with respect to the breakdown voltage and 

to maintaining saturated drift velocity throughout the diode at every 

instant of time in the cycle were investigated. These limitations showed 

that en optimum transit angle for maximum efficiency existed which is less 

than the angle for maximum negative conductance. Finally, in Section 2.5 

a qualitative explanation was presented to show that improved out~t 
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power and efficiency could be obtained by having the RF voltage large 

enough to cause the carriers to drift at field-dependent velocities. 

In Chapter III many of the limitations of this analysis will be removed 

by a more general large-signal analysis of D1PATT diodes. 



CHAPI'ER III. LARGE-SIGNAL ANALYSIS OF IMPATT DIODES 

3.1 Introduction 

In this chapter a mathematical model is developed which describes 

the large-signal operating characteristics of IMPATT diodes. A wide range 

of doping profiles and materials can be analyzed since the model allows 

for electron and hole multiplication by impact ionization to occur at 

every point in the diode. Given the particular doping profile and 

dimensions for a diode, its operating characteristics can be determined. 

These include admittance, power output, efficiency and bias voltage as 

a function of the operating frequency, de current density and RF voltage. 

This analysis is used to study the de, single-frequency and multifrequency 

operating characteristics of IMPATT diodes for several different doping 

profiles. A physical understanding of the differences in the characteristics 

of the different doping profiles will also be discussed. 

3.2 Derivation of ~ Large-Sit5nal Model 

3.2.l Introduction. Before deriving the large-signal model it is 

helpful to outline the essential features of the analysis. Most large-

signal analyses of Read-type diodes neglect the divergence of the dis­

placement current in the avalanche region and assume that the period of 

the oscillation is much larger than the transit time of the carriers 

through the avalanche region. Large-signal analyses of Read-type structures 

that make this assumption in the narrow avalanche region give good 

qualitative results but predict the wrong cutoff or avalanche frequency 45 
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and efficiency11 for the diode. As the width of the avalanche region 

increases the effect of this assumption on the results of the analysis 

becomes appreciable. For this case the divergence of the displacement 

current cannot be neglected since it takes the conduction current a finite 

time to cross the avalanche region anc during this transit time the field 

changes, thus giving rise to an appreciable change in the displacement 

current. Therefore, the conduction current is not independent of x in the 

avalanche region. For this reason, large-signal analyses of diode 

structures in which the avalanching occurs over an appreciable portion of 

the diode cannot neglect the divergence of the displacement current. 

This large-signal analysis does not neglect the divergence of the 

displacement current in the avalanche region. A differential equation is 

obtained relating the total current and the field in the diode. The 

equation is solved on an IBM 360-67 computer. For a given doping density 

and RF voltage, a solution for the total current is found which has the 

prescribed de value. From the total current, the space-charge field is 

obtained by separating the conduction current into the proper hole and 

electron currents and solving Poisson's equations for the field. The 

space-charge field is used to modify the origina~ field and a new solution 

for the total current is obtained. This procedure is repeated for a given 

de current and RF voltage until the admittance of the diode converges. 

Since the analysis solves for the total current density without neglecting 

the change in the displacement current at any point, avalanching by impact 

ionization can occur throughout the diode and is not assumed to be 

confined to a narrow region. 



3.2.2 Assumptions~ Derivation. The basic equations governing 

the operation of an IMPATT diode were presented in Chapter II. These 

equations, Eqs. 2.1 through 2.4, are repeated here for the sake of clarity. 

Continuity Equations 

~ 1 
oJ 

= rx + ex V p +avn q pp n n (2.1) 

and 

on l oJ n + ex V p +avn dt = rx . 
q p p n n (2.2) 

Ionization~ Equation 

ex r ( bE' )m'J = A' exp 1 -

L 

roisson's Equation 

oE 
dx = i (N - N + p - n) 

~\.
1

D A 
(2.4) 

In order to solve these equations several simplifying assumptions 

are made. The velocity of holes and electrons are assumed equal end 

field-independent, i.e., v ; v = v. In Chapter II the validity of this p n 

assumption was discussed. The ionization rates for holes and electrons 

are also assumed equal. The value for the ionization rate is taken to be 

the average or effective rate of the two carriers which is obtained by 

solving for the de breakdown voltage with unequal rates and then finding 

a rate equal for both carriers which gives the same breakdown voltage. 

A discussion of this method end its results are presented in Appendix C. 
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Making use of-these two simplifications and the fact that 

J = qvp , 
p 

( 3.1) 

J = qvn 
n (3.2) 

and 

J = J + J , 
C p n 

a differential equation involving the conduction current J and the hole 
C 

and electron currents can be obtained by combining the two continuity 

equations. Thus 

0 (J - J ) + 2aJ dX n p c 
( 3. 4) 

The total current JT which is independent of x due to continuity 

of current, consists of the conduction and displacement currents and is 

given by 

= 

Solving for the conduction current from this equation and substituting 

it into Eq. 3.4, the following equation is obtained: 

= 

(3-5) 

The dependence on x in this equation can be eliminated by integrating the 

equation over the length of the diode. Thus 



1 
V J~ o2E dx 

o ot2 
= 
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( J - J ) I XL + 2 J XL aJT dx 
n p O O 

- 2e J xL o: oE dx 
0 dt 

(3-7) 

Note that this equation is integrated over the entire length of the dicde 

rather than just the avalanche region. Therefore impact ionization can 

occur anywhere in the diode. Since the total current is independent of x, 

Eq. 3-7 reduces to 

e 
V 

( J - J ) I XL + 2JT J XL 0: dx 
n P O O 

_ 2 € r xL a oE dx 
,JO dt 

, 

where~= xJv. Since x and tare independent, the order of integration 

and differentiation can be interchanged in the second term. This term 

then reduces to 

E 
= - -V 

= - ~ d2 V(t) 
V dt2 

, ( 3. 9) 

where V(t) is the voltage across the diode. Note that the sign convention 

• 
which has been assumed is 

V( t) = J XL E dx 
0 

(3.10) 
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The boundary conditions for the diode are shown in Fig. 3.1. These 

boundary conditions are as follows: 

at X = 0., 

( 3.11) 

and at x == xL, 

( 3, 12) 

Since 

(3 .13) 

each of these terms can be evaluated from the boundary conditions to give 

( 3. 14) 

This equation reduces to 

(3.15) 

Substituting this expression into Eg. 3.8 gives 



I I I ~ Jn(O, t) Jn, JT(t) I I • JT(t) 
- I I -- I I -
+ I I • -• Jp, Jp(XL, t) 

I : I 

0 
X 

FIG. 3.1 BOUNDARY CONDITIONS FOR AN IMPATl' DIODE. 
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JXL IXL OE 
➔ 2JT(t) a [E(x,t)] dx - 2e a [E(x,t)) dt (x,t) dx , 

0 0 

where J sat 

The 

-where VB = 

n = 

J. = 

V = n 

8 = 
n 

= J + J ns ps 

voltage across the diode can be defined as 

l 

V( t) = VB + I V sin(['k'..l)t + 8 ) , 
n n 

n=J. 

the bias voltage ( V)' 

the harmonic number of the operating frequency, 

the number of harmonics present, 

the magnitude of the nth harmonic voltage (V) and 

the phase of the nth harmonic voltage (rad). 

(3.17) 

The phases of the harmonics are the relative phases among the harmonic 

voltages at t ~ 0 and thus for single-frequency operation the phase can 

be set equal to zero. Using this expression for the voltage the second 

term in Eq. 3.16 reduces to 

E d.2 V( t) 
V dt 2 

n=J. 

V sin(nwt +a) 
n n 

By combining terms, Eq. 3.16 can be -written in the following form: 

(3.19) 
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where 

and 

Y( t) = 

n=l 

This differential equation can be solved on the computer in the 

following manner. An initial conjecture for the electric field is assumed. 

For this field which is assumed to be independent of the total current, 

the solution50 of the differential equation is 

= 

(:~. 20) 

A periodic solution for JT is obtained when the initial value, JT(O), is 

selected properly. The proper initial value for a periodic solution is 

J/ Y(7) exp ( ~
7
A(~)dfl) d7 

, 

where Tis the period of the fundamental frequency. A proof of the 

periodicity of JT is given in Appendix D. 

The de current is obtained from the total current by 
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l 
= 

T 
{ 3. 22) 

The conductance and susceptance at each frequency are obtained by Fourier 

analysis of JT and phasor division by the RF voltage, thus 

l 12n 
JT sin(ro:it + 0 ) dwt 

re 0 n 
G(f) = n V n 

and 1 J.2n 
JT cos ( ro:it + 0 ) 00)1., 

re n 
B( f ) 0 

= n V 
( 3. 24) 

n 

Equation 3.20 is the correct solution for the assumed electric 

field. The electric field must be modified to include the effect of the 

space charge of the carriers at each point and every instant in time. First 

the conduction current J is calculated from the total current and the 
C 

assumed electric field by 

(3.25) 

Once the conduction current is known for all x and t then the hole and 

electron currents can be obtained from the continuity equations as follows: 

* 1 
oJ aJ 
--2. C ( 3.26) = ox + --q q 

and 

on l 
oJ a:J 

n C ( 3. 27) dt = rx + --q q 
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These equations can be rewritten as 

l 
oJ oJ 

- rr- +rx = aJC (3.28) 
V 

and 

l 
oJ oJ n n aJ (3.29) dt - dX = 

V C 

Let 

t :::: X - vt ( 3. 30) 

and 

11 = X + Vt , ( 3. 31) 

then 

t = !l - ' (3.32) 
2v 

and 

X :: !) + ' c,.33) . 2 

Therefore 

otl l ( 3. 34) 
~ 11=const 

= - - , 
2v 

otl l (3.35) 
dfi" ~=canst 

= 2v 
, 

oxl l ( 3. 36) 
0~ 11:::const 

= 
2 

and 

oxj l ( 3. 37) 
d1i" ~=const 

:::: 2 . 



Using the above relationships and Egs. 3.28 and 3.29 it is easily shown 

that 

oJ 
6. 

oJ ot oJ ox 1 c,J 1 oJ CXJ 

~ rt ~+~ ~+2 ~ 
C 

(3.38) = dT} = = 2 2v 

and 

oJ 
6. 

oJ ot oJn ox 1 oJn 1 oJ aJ 
n n n C 

(3.39) ~ dt df + dx ~ 
= dt + 2 dx = --2v 2 

These two differential equations can be solved in the following manner. 

Equation 3.38 can be integrated with respect to Tl with the conEtraint that 

ds = 0 (3.40) 

which implies that 

dx - v dt = 0 ( 3. 41) 

or 

dx = v dt (3.42) 

Thus, since 

d'fl = dx + V dt 

then 

d'fl = 2 dx ( 3. 44) 

Therefore Eq. 3,38 yields 

J (x,t) - J (O,t) = Jx CXJc(x,t) dxl p p 0 dx=v dt 

A similar argument can be applied to Eq. 3.39 to yield 
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= (3.46) 

Applying the boundary conditions for the diode, the following equations are 

obtained: 

and 

J (x, t) n 

= J + rx aJ (x,t) dxl 
ps ' 0 C dx=V dt 

(3.47) 

(3.48) 

These equations have a simple physical explanation. The value of the hole 

current at x = 0 is the reverse saturation current J , and similarly for ps 

the electrou current at x = ~- The integrals are performed along the 

trajectory of the particles since for each 5x the time ls changed by 

t>t = 5x/ v. 

Once the hole and electron currents are determined, an electric 

field is obtained which includes the space charge of the carriers. 

Poisson's equation is 

oE 
dX 

:;; 

which when divided into two parts as 

oE rx = i (N - N ) + ~ (p - n) 
€ D A EV 



and incorporating Eqs. 3.1 and 3.2 yields 

This equation is integrated to yield 

E(x,t) 
J (x,t) - J (x,t) 
_p ______ n ___ dx + E(O,t) 

€. V ' 

where ED(x) = the electric field due to the doping profile and is 

independent of time and 

(3.51) 

(3. 52) 

E(O,t) = the electric field at x = 0 and is an arbitrary constant 

for each t. 

The voltage across the diode is 

V(t) f XL E(x, t) dx 
. 0 

( 3. 53) 

in which the same sign convention as Eq. 3.10 has been assumed. Substituting 

for the field from Eq. 3.52 and for the voltage from Eq. 3.17, the followin~ 

equation is obtained: 

l 

+l V sin(rwt + 0 ) 
n n 

n=l 

+ 
JO

XL ( ,(x J (1,t) - J (:r,t) ) 
p n d 1 dx + E ( 0, t) • x

1 
. 

EV 

Therefore 
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E(O,t) = 

l 

[ v8 + l Vn sln(na,t + en) - l"L ED(x) dx 

n=l 

( 3-55) 

The only unknown in this equation is VB. This voltage is selected such that 

the de current obtained in Eq. 3.22 is the specified value. For the first 

iteration the space-charge term is set equal to zero in Eqs. 3.52 end 3-55 

in order to obtain the field. The voltage VB is adjusted until the 

specified de value of total current is found. This will be the correct 

solution for this field. The conductance and susceptance are calculated 

from the total current and then the electric field is modified to include 

the space charge of the carriers. This field is used to calculate a new 

current which hes the specified de value due to the adjustment of VB a~ain. 

After each iteration the admittanc~ is calculated and compared with the 

previous value. When the change is less than 1-1/2 percent the iterations 

are stopped. This condition for convergence is discussed in Appendix E. 

The de bias v~ltage is then obtained by integrating the field as 

(3. 56) 

The output power is 

P { f ) = 
2
1 v2 G( f ) 

o n n n 
(3.57) 

and the efficiency is 

= (3.58) 



3.2.3 De Analysis. The de equations can be obtained easily from 1he 

ac analysis by setting all the time derivatives to zero. Therefore Eq. 3.16 

yields 

which reduces to 

J sat 

l - JXL () dx 

0 

Since there is no displacement current, the total current equals the 

conduction current. The derivation of the hole and electron currents 

from the conduction current yields 

J (x) = Jps + J Jxadx 
p C 

0 

and 

J (x) = J + J fxxL a dx 
n ns C 

(3.59) 

(3. 60) 

(3.61) 

(3.62) 

The electric field can be obtained from the hole and electron currents. 

The arbitrary constant, the field at x = O, is then given by 

E(O) = 

(3.63) 

Therefore the same procedure can be followed in the de case as in 

the ac case. 
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L!L Large-Signal 0Rerating Characteristics 

3.3.1 Introduction. The large-signal analysis presented in the 

previous section has been used to compare the operating characteristics of 

IMPATT diodes with different doping profiles and materials. The different 

diode structures and their respective electric fields which have been 

analyzed are shown in Fig. 3.2. Several assumptions have been made for 

the diodes shown. + + First, the doping in the p and n regions is large so 

that the field does not penetrate these regions but goes to zero at the 

boundary. Second, the width of all the active regions is 5 µm. Finally, 

the doping in each region is assumed constant so that the field in each 

region is given by 

where E(x) 
0 

X 
0 

ND 

~ 

= 

= 

= 

= 

= E(x) + i (ND - NA)(x - x) 
0 € 0 

, 

the field at the beginning of the region (V/cm), 

the beginning of a region of constant doping (cm), 

the donor concentration (cm-3
) and 

the acceptor concentration (cm-3
). 

(3.64) 

For the pin diode three different materials were compared; namely, 

Si, GaAs and Ge. For the double injection and p-n junction diodes the 

doping density in the p- and n-regions was 1 x 1015 cm-3
• Also point xc 

was in the middle of the diode. For the one-sided abrupt junction the 

doping density was varied from l x 1015 cm-3 to 5 x 1015 cm-3
• The Read 

diode had a doping density in the assumed 1-~m wide avalanche region of 

The final assumption which was made was that the total reverse 

saturation current for all of the structures was 0.01 A/cm2
• Also the 

reverse hole and electron saturation currents were assumed to be equal. 
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First, the de results for several of the doping profiles are 

presented and explained. Then the single-frequency ac results for 

admittance and efficiency are discussed. Finally, a few multifrequency 

admittance plots are shown and discussed. 

3.3.2 De Characteristics. The static J-V characteristics for 

several of the different diode structures and materials are compared in 

Fig. 3.3. The solid curves are for the three pin diodes of different 

material and the dashed curves are for the double-injection, p-n junction 

and abrupt-junction Si diodes with a p- and n-region doping density of 

l x 1015 cm-3
• The three pin diodE!s have the same breakdown characteristics 

except for the magnitude of the breakdown voltage which is due to the 

different ionization rates for the different materials. The constants 

for the ionization rates which have been used are given in Table 3.1. 

Table 3.1 

Effective Constants for Ionization Rates of Si, GaAs and Ge 

Material A' ( cm-1 ) b' (V/ cm) m' 

Si 13, 15 X 106 2.46 X 106 l 

GaAs 3, 5 X 105 6.85 X 105 2 

Ge 3,595 X 105 7,528 X 105 l 

The corresponding ionization rates ere plotted in Fig. 3.4. An 

approximate value of the breakdown voltage with no space-charge effects 

for the pin diode can be found by assuming a constant field and solving 

for the ionization rate which makes the ionization integral equal to 

unity. Thus 
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a 

which for these diodes is 

( 3. 66) 

The field which satisfies this equation is 

E 
b' 

1/m I 

[in C x\oJ] 
and the corresponding voltage is 

V = E " 5 x 10-4 (3. 68) 

The appropriate breakdown fields and voltages are given in Table 3.2. 

The difference in the breakdown voltage is important when consiaering the 

amount of heat generated in the diode for a given current density. The input 

power to the Ge pin diode is approximately one half that for the Si and 

GaAs diodes. However, for the same efficiency the Si and GaAs diodes are 

generating twice the output power. 

Table 3.2 

Approximate Breakdown Fields and Voltages 

Material 

Si 

GaAs 

Ge 

Breakdown Field ( V/ cm) 

2.8 X 105 

3.02 X 105 

1.45 X 105 

Breakdown Voltage (V) 

14o.o 

151.0 
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The corresponding electric fields for different current densities 

for the different Si diode structures are shown in Figs. 3.5 through 3.8. 

In Fig. 3.9 the static J-V characteristics for the one-sided abrupt junction 

with different doping densities are shown. The corresponding electric field 

for the case where the doping density is 3 x 1015 cm-3 is shown in Fig. 3.10. 

All of these results are in agreement with the results of Bowers. 51 

Above a certain current density these diodes exhibit a negative de 

differential CQ11.ductance, i.e., the bias voltage decreases for increasing 

current. In the double-injection diode this occurs above about 25 A/cm2 

while in the pin diode this occurs above about 100 A/cm2 • In the abrupt 

junction the de differential conductance becomes negative above about 

3000 A/cm2 for a doping density of 1 x 1015 cm-3 and as the doping is 

increased the value of current density for which the conductance becomes 

negative increases. Hoefflinger36 showed that Read diodes with large 

current densities exhibited negative de differential conductance when a 

second avalanche was present at the end of the drift region. This is 

also the case for the diodes considered here. As the current density is 

increased the amount of space charge in the diode increases. Even though 

the total current is independent of x the hole current density increases 

from left to right and the electron current density from right to left. 

Thus at each end of the diode the current density consists of one type of 

carrier while in the middle for the symmetrical diodes the current density 

is divided equally. Therefore the space charge at the ends of the diode 

is large and at the center it is small. The field at the ends will in turn 

be increased above the field caused by the background doping density due 

to the space charge. The voltage across the diode is the area under the 
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curve for the field. This voltage adjusts itself in such a way that the 

correct de current density is generated. Due to the nonlinearity of the 

ionization rates a slight increase in the field et the ends generates a 

large amount of current and thus above a certain current density the 

voltage decreases for increasing current density. The current density for 

which the de differential conductance becomes negative is the value for 

which the space charge of the carriers increases the field at both ends 

to the point where significant avalanching is occurring. By comparing the 

abrupt junction with different doping densities this effect can be shown. 

In Fig. 3.7 the electric field for the doping density of 1 x 1015 cm-3 was 

shown. In Fig. 3.10 the field for the doping density of 3 x 1015 cm-
3 

was shown. In Figs. 3.11 and 3.12 the corresponding hole and electron 

current densities are plotted. From Fig. 3.9 the de differential conductance 

becomes negative between 103 A/cm2 and 5 x 103 A/cm2 for the dopinf~ density 

of 1 x 1015 cm-3 • In Fig. 3.11 the hole and electron current densities 

for 103 A/cm2 increase smoothly through the diode. However for 5 x 103 A/cm2 

the current densities have an inflection point on the right-hand side due 

to a larger ionization rate at x = xL than toward the middle of the 

diode. For the abrupt junction with a doping density of 3 x 1015 cm-3 the 

de differential conductance becomes negative between 5 x 103 A/cm2 and 

104 A/cm2 • Figure 3.12 shows the same condition of an inflection point 

in the growth of the electron and hole current densities for 104 A/cm2 • 

This inflection point in the electron and hole current densities corresponds 

to more avalanching occurring at the end than in the middle. The dependence 

of the de differential conductance on the doping density is now easily 

shown. The double-injection diode has a negative de differential conductance 
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at very low current densities due to its doping profile. The pin diode 

has the next lowest value of current density for which the conductance 

is negative since the amount of space charge necessary to increase the 

fields at the ends of the diode is small. As the doping density is 

increased in the abrupt junction it takes an increasing amount of space 

charge to raise the field to a high enough value to cause avalanchlng at 

both ends of the diode. 

3.3.3 Single-Frequency Characteristics. The large-signal admittance 

of the diode structures shown in Fig. 3.2 is calculated from the above 

analysis for single-frequency operation. Assuming a single-frequency RF 

voltage across the diode and obtaining the admittance of the diode is the 

same as solving the problem with the diode in a microwave circuit of this 

admittance at the operating frequency under steady-state conditions. 

Inherent in this single-frequency assumption is that all the harmonics of 

the voltage are shorted by the microwave circuit. This assumption will be 

discussed and justified in detail in Chapter IV where an equivalent circuit 

for the diode and package are derived. 

The admittance for the three pin diodes of Si, GaAs and Ge are 

shown in Figs. 3.13 through 3.15. For the current density of 500 A/cm2 

the de differential conductance is negative as shown in Fig. 3.3 and thus 

for the small-signal case (1 V RF), the conductance remains negative as 

the frequency is decreased. For larger RF voltages the conductance becomes 

posit,ive as the frequency is decreased. Therefore the small-signal cutoff 

frequency for the pin diode at this current density goes to zero. Note 

though that the negative conductance at the low frequencies decreases 

rapidly with increasing RF voltage. The admittance plots for the three 

diodes are similar except for the following points. The small-signal 
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negative conductance of the GaAs and Ge diodes is slightly larger than for 

the Si diode. The susceptance of the three diodes is different for the 

same operating frequency. Finally, the optimum operating frequency (maximum 

negative conductance) is slightly different for each diode. It would be 

expected that the admittances are similar since the only assumed differences 

in the diodesare the dielectric constant of the material, the ionization 

rate, and the saturated drift velocity. There appears to be no simple 

physical explanation for the slightly smaller negative conductance in the 

Si pin diode. However the shift in the susceptance for a given operating 

frequency is due to the different dielectric constants of the material. 

The biggest contribution to the susceptance is the depletion layer 

capacitance which is directly proportional to the dielectric constant. 

Thus for a given frequency, 12 GHz, the susceptance is largest for the Ge 

diode (€ r 

diode (E r 

= 16.5) and smallest for the Si diode (E = 11.8). The GaAs r 

= 12.5, has a slightly larger susceptance than the Si diode. 

The final point, the difference in the optimum operating frequency, can 

be explained by the difference in the saturated drift velocities which have 

been assumed for the carriers. As shown in Chapter II the negative 

conductance is maximum for some given phase delay. This phase delay is 

inversely proportional to the drift velocity. Thus in order to obtain the 

same optimum phase delay in the three materials the Si diode must have a 

hiV,her operatin~ frequency due to its higher drift velocity (v = l x 107 cm/s) 

than the GaAs (v = o.80 x 107 cm/s) and Ge (v = 0.75 x 107 cm/s) diodes. 

The maximum negative conductance for the Si diode occurs at approximately 

16 GHz, and for the GaAs and Ge diodes, at approximately 12 GHz. A more 

detailed discussion of the phase delay will be presented later in this 
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section. In Fig. 3.16 the efficiency of the three pin diodes is compared 

for the optimum operating frequency as a function of the normalized RF 

voltage. This RF voltage is the assumed RF voltage divided by the actual 

de operating voltage. Due to the nonlinearity of the ionization rates 

with respect to the field, as the RF voltage increases in magnitude the 

de voltage across the diode must decrease in order to maintain the de 

current constant. This effect is shown in Fig. 3.17 for the Si pin diode 

operating at 10 GHz. The GaAs •diode has the largest efficiency due to 

two factors. Since the efficiency is plotted against normalized RF volLage, 

the RF voltage is much larger in the GaAs diode than in the Ge diode for 

a given normalized RF voltage. Even though the input power in the GaAs 

diode is twice that of the Ge diode the output power is proportional to 

the square of the RF voltage and therefore it is much larger for a given 

normalized RF voltage. The difference in the efficiencies of ~he 

Si and GaAs diodes is due to the above-mentioned effect which is small for 

these two diodes and is also due to the difference in the magnitude of the 

negative conductance. The efficiency for the Si diode at 8 GHz is plotted 

to show the effect of a nonoptimum operating frequency. 

The admittance for the double-injection diode is plotted in F~1'.. 3.18. 

For the current density of 500 A/cm2 the de differential conductance is 

ne~ative and the conductance becomes more negative for decreasing frequency. 

However this low-frequency negative conductance decreases rapidly with 

increasing RF voltage. The optimum operating frequency for this diode is 

approximately 10 to 12 GHz. In Fig. j.19 the effect of increasing the 

current density on the small-signal conductance is presented. As the 

current density is decreased the space-charge effects decrease and the 

characteristics are similar to a pin diode. 
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The next structure for which the admittance is calculated is the 

p-n junction. This admittance is plotted in Fig. 3.20 for a current density 

of 500 A/cm2
• For this current density the de differential conductance 

is positive for this structure as shown in Fig. 3.3. Therefore as the 

frequency is decreased the conductance becomes positive even for the small­

signal case. The optimum operating frequency is approximately 16 GHz as 

in the pin diode. Also the negative conductance is larger for this diode 

than for the previous two diode structures. 

The admittance for the one-sided abrupt junction with different doping 

densities is plotted in Figs. 3.21 through 3.23. These characteristics 

are for a current density of 500 A/cm2 and therefore the conductance becomes 

positive for decreasing frequency. As the doping density is increased the 

negative conductance of the diode increases and the optimum operating 

frequencies decrease slightly. 

Abrupt junctions with higher doping densities were not analyzed since 

the field goes to zero in the depletion layer of thE diode and thus violates 

the assumption of saturated drift velocities for the carriers. Higher 

doping densities in the p-n junction, considered previously, were not 

investigated since the negative conductance would increase in the same 

manner as for the abrupt junction. However, t~o points should be made: 

the optimum operating frequency would be higher and the heat dissipation 

could be a problem at high power levels since the avalanche region is located 

in the center of the diode. 

Finally, the admittance for a Read diode is shown in Fig. 3.24 for 

a current density of 500 A/cm2 • The magnitude of the small-signal 

negative conductance is slightly less than that of the abrupt junction with 
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a doping density of 3 x 1015 cm-3 • Also the optimum frequency is 

approximately 1, GHz. 

In Fig. 3.25 the conductance at the optimum operating frequency 

is plotted as a function of the normalized RF voltage for the different 

diode structures. The ideal Read diode results are for an analysis as 

described in Chapter II. This is included for reference. The first point 

to be considered is the reason for the difference in magnitude of the 

small-signal conductance for different doping profiles. This can be 

understood by considering the conduction current density in the diode as 

it is generated. In Figs. j.26 throu~h j.j2 the conduction current density 

is plotted as a function of distance for different phases of the RF volta~e 

cycle. For the double-injection diode the conduction current density is 

generated over a wide region of the diode as can be seen by the relatively 

flat conduction -eurrent curve. The pin di ode p;enera tes the current over 

a slightly r,arrower but stil: large rev,ion. As the dopi~~ density in the 

abrupt junction is increased the current modulation increases. This is 

shown in Fi,~. j. jj where the conduction current density at a phase angle of 

approximately 180 de~rees is plotted for several of the diodes. In the 

pin diode due to the large region over which carriers are generated, the 

transit angle of the carriers varies over a wide range of angles and only 

a few of them experience the same phase delay. As the doping density is 

increased in the abrupt junction the avalanche region becomes narrower 

and the conduction current is generated in a sharper pulse. Thus more of 

the carriers experience the same transit angle. For the proper frequency, 

more of the carriers can be made to experience the optimum transit angle 

as the dopinv, density is increased. Thus the negative conductance of the 
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diode is larger when the distribution of the transit angles of the carriers 

is concentrated around the optimum transit angle rather than when the 

distribution is spread out over a wide range but has an average equal to 

the optimum. 

A second point to consider is the optimum frequency of operation for 

each structure. This frequency is determined by th• total phase delay of 

the current due to both the avalanching process and the transit time. The 

phase delay c~used by the generation of carriers in the avalanche process 

can be determined as was done in Chapter II. The avalanche process is 

stopped when the RF field in the avalanche region !f,Oes throui;;h zero. For 

the diodes investi~ated in this chapter, the avalanche region will be 

defined a~ the rei~ion where the conduction current density is maximum during 

the avalanche process. The electric field in the avalanche rep;ion is 

normalized to the value of the field at rut O O and plotted in Fig. j.,54 

for three of the diode structures. In the pin diode the avalanche region 

is spread over a large rep;ion of the diode but as shown in Fig. j.2'( the 

conduction current density peaks in the middle of the diode. Therefore the 

middle of the diode is considered as the avalanche rei~ion and the carriers 

drift approximately one half the lenv,th of the diode. In the one-sided 

15 -:., abrupt junction with a doping density of 5 x 10 cm , Fi1'. j. j2 shows 

that the avalanche re,'.ion is a ppr-ox ima te ly O. 5 µm from the left of the diode 

and the drift re~ion is 4.5 µm lon~. 

The Read diode has an avalanche re!l,ion approximately 0.35 µm from 

the left end of the diode as shown in Fi{'. 5.29. The instant of time at 

which the avalanche process is turned off and the conduction current density 

stops growing is when the RF field in the avalanche region goes throu~, zero 
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and becomes negative. For the rest of the RF cycle the conduction current 

drifts through the diode without increasing in magnitude. Thus the two 

phase delay components can be separated much the same as for the ideal 

Read diodes discussed in Chapter JI. 

The total phase delay for the pin diode can be approximated as 

follows. The phase delay due to the avalanche process from Fig. 3.34 

'is 88 degrees. The phase delay due to transit time is 

where xD ~ the effective drift length for the pin diode which is 

approximately 2.5 µm. Thus 

IDT ~ 144 degrees 

(3.69) 

(3.70) 

Therefore the total phase delay is 232 degrees. For the abrupt junction 

the avalanche process contributes 48 degrees of phase delay and the 

transit time another 195 degrees for a total phase delay.of 243 degrees 

at a frequency of 12 GHz. For the Read diode the avalanche process 

contributes only 39 degrees and the transit time 218 degrees for a total 

phase delay of 257 degrees at 15 GHz. The same field behavior as shown 

for 12 GHz is assumed for 13 GHz in the Read diode. As the phase delay of 

the avalanche process is decreased the transit-time phase delay must 

increase to compensate for this decrease. Also since the transit time of 

the carriers during the positive portion of the RF voltage contributes a 

loss (current in phase with the voltage) the total phase delay must be 

larger for the diodes with the shorter phase delay in the avalanche process. 
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The reason the RF field goes through zero at different times in 

the cycle is due to the space charge in the diode. The time when the RF 

field becomes negative is proportional to the amount of space charge in 

the diode. As the space charge increases the RF field becomes negative 

sooner and thus the phase delay between the maximum in the RF voltage and 

the instant when the conduction current maximizes and starts to drift 

decreases. In Fig. j.j5 the electron and hole current densities at an 

instant in time are plotted for the pin diode and the abrupt junction. This 

is for the same instant in thE cycle and the same de current density. Since 

the space charge at any point is proportional to the difference in the 

hole and electron current densLties, the abrupt junction has much more 

space charge present at this instant. Thus the phase delay due to the 

avalanche process for the abrupt junction is less than for the pin diode. 

Special attention must be r,iven the Read diode since, even though 

the dopin~ density in the avalanche rev,ion is hi~her than any of the other 

diodes, the negative conductance is smaller than several of the diodes. This 

can be explained by considerinv, Fig. j.j6 in which the hole and electron 

current densities and the electric field are plotted for the Read diode at 

wt = ljO de~rees. This corresponds to the instant when the avalanche 

process has turned off as defined previously. As can be seen for the 

avalanche region doping density considered (pA = 1 x 1016 cm - 3
), the field 

at breakdown in the drift or intrinsic region is large enough for impact 

ionization to occur. Thus a small but appreciable number of holes and 

electrons are generated in the drift region. The amount of generation is 

clearly shown in Fig. J.57 in which the two current densities are plotted 

for wt = 260 degrees. Even though the avalanching in the ave lanche region 



NE 400 
~ 
<[ 

-► t 
u, 300 z 
LI.I 
0 

.... 
z 
LI.I 
a:: 
a:: 200 ::l 
u 

100 

0 

BRUPT JUNC 
1!5 

p•5Xl0 c 

-152-

3 

DISTANCE, Jl,ffl 

4 

FIG. 3.35 ELECTRON AND HOLE CURRENT DENSITIES VS. DISTANCE FOR pin AND 

ABRUPT-JUNCTION DIODES. (Jdc ~ 500 A/cm2 AND wt= 150 DEGREES) 



-153-

600,-----------------

500 5 

HOLES 

NE 
4 E 

u 
~ 
> ...... 

ct '°o .. 
>- .. 
t-
(/) 300 

0 

z 
3 ...J 

w FIELD 
w 
~ 

0 

t-z 
~ 

w 
a:: 

a:: 200 
t-

a:: 2 
0 

::::, 
w 

0 

...J 
w 

ELECTRONS 
100 

o---~---~
2
~-----1. ___ ...1-_ _:~o 

3 4 5 

DISTANCE I Jl,ffl 

FIG. 3.36 ELEX:TRON AND HOLE CURRENT DENSITIES AND ELECTRIC FIELD VS. 

DISTANCE FOR A READ DIODE- (Jdc = 500 A/cm
2

, pA = l x 10
16 

cm-
3 

AND wt= 130 DEGREES) 



500r----------------------

400 4 

"'e E 
c., ~ ....... 

<( 
> 

► 
300 3 .,,o 

.... - -Cl) Q 
z ..J 
L&J ~ 
Q IL 
.... 200 ~ z 2 
L&J a: 
a: .... 
a: u 
=> UJ 
u ..J 

UJ 
ELECTRONS 

100 

_________ ....._ ___ ---'-----.l..---....;;::::.10 

0 2 3 4 5 

DISTANCE, J£ffl 

FIG. 3. 37 EL~TRON AND HOLE CURRENT DENSITIES VS. DISTANCE FOR A READ 

DIODE. (Jdc = 500 A/cm2
, PA= 1 x 10

16 
cm-

3 
AND wt = 260 

DEGREES) 



-155-

has stopped, the hole current increases in magnitude as it drifts across 

the diode. Thus the transit angle of the carriers is spread over a wide 

range of values. The avalanche region causes a large number of the 

carriers to be generated in a pulse but the field in the drift region is 

high enough to generate enough more carriers to degrade the negative 

conductance of the diode. The normaHzed field plotted in Fii:r. 3.34 for 

the Read diode is for the field in the avalanche reg.:.on. The phase delay 

calculations are for the carriers generated in the avalanche region but 

not for t~he carriers generated in the drift ree:ion. This Read diode behaves 

like a combination of an abrupt-junction and pin diode. As the doping 

density in the avalanche rep:ion is increased the field in the drift rev;ion 

decreases and therefore fewer carriers are v,enerated and the nev,ative 

conductance of the diode increases. This is shown in Fii~. j.:JJ in which 

the srnall-si1:nal admittance for a Read diode with a dopinv; density of 

2 x 1016 cm-~ in the avalanche rei~ion is plott..ed. FiV,Ures j.j9 throup;h 

j.41 show the hole and electron current densities as well as the field at 

three times in the RF cycle. For this diode the field in the drift region 

is low enou,,h for no impact ionization to occur and all of the avalanchinr~ 

occur:..; in t,he avalanche rei'ion. FL1'.ure j. 59 shows the current!.i at the instant 

the peak in the conduction current starts to drift. Fip;ure j. 4o shows that 

a:; the hole current leaves the avalanche rev,ion ;;6 de1'.rees later than 

Fi,,. j.j') it has ,rrown sl:,~htly in ma,,nitude. Fi('.Ure j.41 shows that the 

iiole current does not v,row in ma,rnitude after it leaves the avalanchE 

re,rion. Thus this Read diode looks like a hi!~hly doped abrupt junction 

wit,h a drift reviun in which the field is hi11,h enough for saturated drif+­

velc.,cit,ies, but low enough for no impact ionization to occur and long enough 

for 1:1pproximately X-band operation. 
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The last point which requires elaboration is the difference in 

the rate of decrease of the negative conductance for the different diodes. 

This can be understood by looking at the electric field in ti~ diode as 

shown in Fig. ).42 for a given instant in time. The straight line is for 

the electric field with no space charge and is shown for reference. As 

the RF voltage is increased the modulation of the conduction current 

increases and thus when the carriers are beinu: ri:enerated there is more 

space charge in the diode than for the lower RF vol tal!,e. Therefore, as the 

RF voltaP;e increases the field behaves as shown and the avalanche re!):ion 

is widened. Thus carriers are ~enerated over a wider re~ion of the diode 

and the transit angle of the carriers is spread over a wider ranv;e. This 

avalanche widenin~ effect causes the diode to look more like a pin diode 

for lari-':er RF vo 1 tages. For the Read diode the avalanche w ideni nv effect 

occurs in the avalanche region causi~g a decrease in the ne~ative conductance 

but an opposite effect occurs in the drift re~ion. As the RF volta~e increases 

the field in the drift rev.ion becomes smaller while the carriers are drifting 

and thus there is less generation of carriers in the drift region. Therefore 

the negative conductance does not decrease at the same rate as the other 

diode structures for increasing RF voltage. 

This effect of the different rates of decrease in the negative 

conductance is apparent in the efficiency of the Read, pin e.nd abrupt-junction 

diodes which is plotted in Fig. 3.43. As the avalanche r~gion is spread out 

the diodes' behavior approaches that of a pin diode. 

3.3.4 Multifrequency Characteristics. The analysis has been used 

to study the large-signal operating characteristics of IMPATT diodes when 

oscillatin~ at two frequencies which are harmonically related. Because of 
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the number of parameters which can be adjusted and the amount of computer 

time necessary for execution, the analysis has been used only for comparison 

with a simplified multifrequency analysis. 14 

As shown by Schroeder et al., 14 the negative conductance of a Read 

diode can be enhanced by having harmonics or subharmonics of the signal 

frequency present. This enhancement of the negative conductance is a 

function of the phase between the two frequencies, the RF voltage amplitudes 

and the relative value of the frequencies with respect to the optimum 

operating frequency (frequency which produces maximum negative conductance). 

It was shown that for a Read diode with a cutoff frequency around 7 GHz 

(small-signal conductance is positive below this frequency) end an 

optimum operatinµ; frequency of 11 GHz, the diode could oscillate with 

s iv,nificant output power at 5 (;Hz if a properly phased osc: llation at 10 l,Hz 

were present. This is due to waveshaping of the RF volta~e across the 

diode which causes an addi tiona 1 phase delay in the 1~enera t ion of the 

current in the avalanche process. Under single-frequency operation at 

5 (;Hz the total phase delay of the ave lanche process and the trans i l -time 

is not enou~h for the fundamental current to be more than 90 degrees out of 

phase with the RF voltav;e. However, by adding the second harmonic of the 

s iv,nal frequency with the proper phase it is possible to f,:enera te a 

waveform which causes the RF field in the avalanche region to go through 

zero at a much later time in the cycle and thus increase the phase delay 

of the avalanche process. This additional phase delay is enou~h for the 

conductance to become negative. Therefore the phase angle between the 

fundamental and harmonic RF voltages is an important parameter in 

determininµ; the negative conductance of the diode. It was also shown that 
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it is possible to degrade the performance of the diode with certain phase 

angles. 

The large-signal analysis developed in this chapter was used to 

show that realistic IMPATT diodes behave in the same manner as the ideal 

Read diode. The pin diode is an extreme case for comparison with the 

ideal Read diode since carriers are generated over the entire len~th of 

the diode at the same time that they are drift in!,'; through it. However, the 

admittance for the pin diode as shown in Fig. j.44 has the same dependence 

on phase angle and the negative conductance is maximum for the same angle 

of 155 degrees as predicted by the simplified theory. 14 Figures j.45 

and j.46 show the admittance for the abrupt junction with a doping density 

of 5 x 1c,i 5 cm- 3 operating at t-wo frequencies. Note that in Fig. j.45 the 

diode would not oscillate at a single frequency of 5 GHz. When the 

second harmonic is present there exists a substantial negat~v~ conductance 

at 5 GHz. Also note for this case that the conductance is not negative 

at both frequencies simultaneously for these RF voltages and therefore 

power would have to be supplied at that frequency with a positive 

conductance. Finally, as can be seen from the figures, certain phase 

ani~les can diminish the nev;ative conductance and cause it to become positive. 

These few results do show the t the simplified analysis for the 

Read diode can be used to study the multifrequency operation of diodes and 

the results obtained will be qualitatively correct. 
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3.4 Conclusions 

In this chapter a mathematical model has been developed which 

describes the large-signal operating characteristics of realistic IMPATT 

diodes. The model allows for impact ionization to occur at every point 

in the diode thereby allowing for a wide range of doping profiles to be 

analyzed. The model predicts the admittance, output power, efficiency and 

de bias voltage as a function of the RF voltage, frequency and de current 

density. In Section 3.3 de and ac operating characteristics were presented 

for several different doping profiles and materials. Both single-frequency 

and multifrequency operation were studied. The single-frequency results 

showed that the doping profile is an important parameter in determining 

the admittance and efficiency of the diodes. It was shown why the 

different diodes have a different magnitude of negative conductance and 

how, as the RF voltage is increased, tre negative conductance of the diodes 

approaches that of the pin diode. Finally, a few multifrequency results 

were presented along with a discussion of the reasons for the enhancement 

of the performance of the diode by multifrequency operation. 



CHAPrER IV. EXPERIMENTAL INVESTIGATION OF THE OPERATJNG CHARACTERISTICS 

OF IMPATT DIODES 

4.1 Introduction 

In Chapters II and III the large-signal operating characteristics 

of IMPATT diodes were investigated theoretically. In this chapter a 

discussion ~f the experimental work which was performed to measure the 

operating characteristics is presented along with the experimental 

results. In Section 4.2 the equivalent c:i.rcuit of the diode package and 

mount is obtained. In Section 4.3 the capacitance of the diode is 

measured as a function of the reverse bias voltage to determine Loth the 

validity of the equivalent circuit and the doping density of the diode. 

In the next section the small-signal admittance of the diode is measured 

in a reflection-type amplifier- circuit. Also the large-signal :tdmi t tance 

is obtained by measuring the admittance of the microwave circuit seen by 

the oscillating diode. The results of both of these measurements are 

compared with the theoretical results obtained in Chapters II and III. 

Finally, a discussion of single-frequency operation of IMPATT diodes ir. 

series and parallel external circuits is presented. 

4.2 Determination of the Equivalent Circuit of the Diode Package and Mount 

4.2.1 Introduction. The coaxial circuit and package in which the 

IMPATT diode is mounted is shown in Fig. 4.1. The equivalent circuit 

which has been assumed for this mount and package is shown in Fig. 4.2. 
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The lumped elements of the equivalent circuit are as follows. The 

conductance of the diode is represented by G and the susceptance by B. 

This susceptance can be either capacitive or inductive. The series 

resistance of the diode due to contact losses, the resistance of the 

substrate and the undepleted region of the diode is represented by R. 
s 

The pad capacitance Cpd is due to the capacitance between the metal 

contact on top of the diode and the pedestal on which the diode is 

mounted. This capacitance which is a function of the diode geometry is 

negligible for the diodes investigated. 52 The lead inductance Ld is the 

inductance due to the four wire straps between the flange and the top 

of the diode. The capacitance of the package and the fringing fields 

at the end of the coaxial line is represented by Cpk" The series 

inductance L is the inductance caused by the high-impedance, shorted­
s 

transmission line of the pedestal53 and the magnetic energy storage in 

the cylindrical volume around the diode. 54 

The series inductance and package capacitance are determined from 

the measured impedance of an open-circuited package. The lead inductance 

is determined by two methods. First from the impedance of a short­

circuited package and then from the impedance of a forward-biased diode, 

These impedance measurements are made in the test circuit shown in 

Fig. 4.3. A shorting washer is placed at the end of the center conductor 

in place of the diode in order to establish a reference plane. The 

location of the minimum of the standing-wave ratio is measured as a 

function of frequency with the smrting washer at the reference plane. 

This minimum location is then shifted by the thickness of the diode flange 
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so that it corresponds to a reference plane located between the flange 

and the ceramic of the diode. 

4.2.2 Open-Circuited Package Measurement. The impedance of the 

open-circuited package was measured a8 a function of frequency and is 

shown in Fig. 4.4. The package is assumed lossless so only the reactance 

is plotted. The experimental values are plotted far each frequency and 

a least-squares fit of the data is also shown. The method of least 

squares55 is applied by assuming an equivalent c ircuft for the open­

circuited package as shown in Fig. 4.5. In Appendix F the derivation of 

L and C from a least-squares fit of the data is presented. 
s pk 

From the data plotted in Fig. !, • 1-i the values for the series 

inductance and the package capacitance are 

L "'" 0 .22 nH 
s 

(4. 1) 

and 

From the geometry of the package and 1IDunt, approximate 1 values for these two 

parameters can be obtained. For the series inductance the pedestal looks like 

a short transmission line with a short on the end. Because of the ceramic a 

TEM mode does not exist and determination of the characteristic impedance 

of the line is not a simple problem. 56 However an approximate value can 

~e obtained by assuming a characteristic impedance between that for an 

air line and for a dielectric (€ = 9.6) filled coaxial line. Since the r 

ceramic is small the characteristic impedance is approximately equal to 

the air-line impedance and is assumed to be 100 n. Because of the short 

length of the transmission line the reactance of the line jwT, is given by 
s 
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the velocity of the wave on the line (cm/s) and 

the length of the pedestal (cm). 

Thus L can be easily found and is given by 
s 

L = 0.2286 nH 
s 

This gives remarkable agreement with Eq, 4.1. 

(4. 3) 

( 4 .4) 

The package capacitance can be approximated by considering three 

capacitors in parallel: a capacitance between the pedestal and the 

flange with an air dielectric, a capacitance between the pr•destal and 

the flange with a ceramic dielectric and one due to the fringing between 

the flange and the outer conductor. The first two capacitors can be 

calculated from 

C = EA/d ( 1.. 5) 

where A = the area ( cm2
) and 

d = the spacing between the flange and the pedestal (cm). 

For the first two capacitors the values are approximately 'J,Ul:; pF 

and O.Z{ pF, respectively. The third capacitanc+=' due to the fringing is 

approximated by the capacitance due to u change in the center eonductor 

in a coaxial line. This capacitance can be found in the literature
57 

for the given dimensions and is approximately 0.015 pF. Thus the total 

capacitance due to the package and roount is approximately 0.:, pF. This 

also agrees with the measured value given in Eq. 4.2. 
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4.2.3 Short-Circuited Package Measurement. The same test circuit 

as shown in Fig. 4.3 was used to measure the impedance of the short­

circuited package. The equivalent circuit for the short-circuited package 

which was assumed is shown in Fig. 4.6. The series inductance as obtained 

above is assumed to be the same value. However the package capacitance 

changes due to the effect on the electric field of the four metal straps 

which short the flange to the pedestal. Experimentally measured values 

for the reactance of the shorted package are shown in Fig. 4.7. Again 

the package is assumed lossless. Two curves have been fitted to the 

data by the method of least squares. The solid curve is for the case 

where both the package capacitance and the lead inductance are adjusted 

to give the best fit. The dashed curve is for the case where the package 

capacitance is set at the value determined by the open-circuited package 

and the lead inductance is adjusted to give the best fit. It is seen that 

better agreement is obtained when the package capacitance is assumed to 

be different from the open-circuited value. The amount of change in the 

package capacitance due to the shorting straps appears rather large but 

will be verified in later sections. 

4.2.4 Forward-Biased Diode Measurement. Another method of 

measuring the lead inductance is by measuring the impedance of a forward­

biased diode. 
58 

The equivalent circuit 59 for a forward-biased diode is 

shown in Fig. 4.8. The series inductance and package capacitance are 

the values obtained above. The pad capacitance has been assumed negligible 

for this diode structure. The depletion-layer capacitance Cd is smaller 

than the diffusion capacitance59 Cdf when the diode is forward biased. 

The diffusion capacitance is given by 
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I W2 

Cdf 
q de SC 

(4 .6) = 3kTD p 

where w = the width of the undepleted junction (cm), 
SC 

k = the Boltzmann constant (J/OK), 

T = the absolute temperature ( °K) and 

D = the diffusion constant for hoJes (cm2 /s). 
p 

Typical values60 for these constants for the diodes under consideration 

are W = 3.5 x 10-4 cm and D = 10 cm2 /s. The de current was 10 rnA and 
SC p 

thus, 

The impedance of the diffusion capacitance at 10 GHz is therefore 

X 
1 

CJ£df 
~ = ( 4 .8) 

Thus the effect of the diffusion and depletion-layer capacitors is 

negligible, The assumed equivalent circuit for the forward-biased diode 

is shown in Fig. 4.8. From a measurement of the impedance of the forward­

biased diode the lead inductance and the series resistance can be calcu­

lated. These expe,~mental results are shown in Fig. 4.9 as a function of 

frequency. The average values of the lead inductance and the series 

resistance are La= 0.793 nH and Rs= 3.03 n. The lead inductance agrees 

fairly well with the value obtained for the short.-circui ted package. The 

series resistance measured by this method is not needed for the 

determination of the package equivalent circuit. The series resistance 

as shown in Fig. 4.2 accounts for the losses in the mount, package and 
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diode when the diode is biased into the avalanche region. This resistance 

will be measured by another method discussed in the next section. 

~ Capacitance~- Voltage Measurements 

4.3.1 Verification of Equivalent Circuit. The equivalent circuit 

for the diode package and moW1t obtained in the previous section transforms 

the diode's conductance and susceptance from the package pedestal to the 

reference plane in the coaxial line. Verification that the lumped elements 

obtained for the equivalent circuit give the correct transformation over 

the frequency range considered was obtained by measuring the depletion­

layer capacitance as a function of the reverse voltage at 1 MHz and at 

X-band. At 1 MHz, the elements in the equivalent circuit are negligible 

and the depletion-layer capacitance which is the susceptance of the diode 

below breakdown is obtained directly. The test circuit which was used 

to make this measurement is shown in Fig. 4 .10. Both the re,,e, se voltage 

and the depletion-layer capacitance were measured on digital voltmeters. 

The capacitance meter is first nulled with an open-circuited package 

in the coaxial moW1t; then the diode is placed in the roount and the 

capacitance is measured as a function of the reverse voltage from 0 V 

to breakdown. 

The depletion-layer capacitance was also measured at X-band as 

a function of the reverse voltage. The test circuit is the same as that 

in Fig. 4.3 except for the addition of a bias tee between the 10 dB 

attenuator and the 20 dB directional coupler. A power supply and a 

digital voltmeter were used to provide the reverse voltage via the bias 

tee. The impedance of the diode was measured at frequencies of 
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8.5, 8.75, 9.0, 9.25, 9.5, 9.75 and 10.0 GHz as a function of the reverse 

voltage. From this impedance the depletion-layer capacitance and series 

resistance of the diode were obtained by transforming the impedance 

through the equivalent circuit. 

In Fig. 4.11, the two methods of measuring the depletion-layer 

capacitance are compared. The solid curve is for the 1 MHz measurement. 

Case A shows the capacitance obtained at X-band using the equivalent 

circuit derived in the previous section. Case Bis for the capacitance 

obtained at X-band using the values obtained for the open-circuited 

package capacitance and the resulting lead inductance. The spread in 

the data soows the minimum and maximum r.apacitance which was obtained 

at all the frequencies employed. If the depletion-layer capacitance is 

assumed to be independent of frequency, 52 then these results show that 

the transformation performed by the equivalent circuit element values 

given in Table 4.1 is correct. The series resistance of the diode is 

taken as the resistance52 at breakdown with Ide= 1 mA. This resistance 

is obtained from the impedance measurement at X-band .. The resistance 

is plotted as a function of the reverse voltage in Fig. 4.12. Again the 

minimum and maximum values obtained over the frequencies considered are 

shown. At breakdown (78.8 V) the average resistance is approximately 

1.1 n. 
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Table 4.1 

Element Values for Equivalent Circuit 

L == s 0.22 nH 

Cpk = 0.11 pF 

Ld = 0.70 nH 

C = O pF pd 

R = 1.1n s 

The important property of the individual element values in Table 4.1 

is th~t they transform the conductance and susceptance of the diode 

properly to the reference plane. This circuit could be represented by 

just a reactance and resistance measured at each frequency which yield 

the proper transformation. The results in Fig, 4.11 show that the 

transformation is correct. The series resistance however is not verified 

by this method but the value obtained is quite reasonable. 

4.3.2 Determination of Doping Density. The doping density in a 

one-sided abrupt junction can be determined61 from the C-V data obtained 

above. A~suming a one-sided abrupt junction, the doping density 

N(x) is related to the capacitance and the reverse voltage of a diode 

bye2 

K C3 

N(x) = 

and the depth x in microns from the junction is given by 
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X = K rf!-/c 
2 

, 

K 
16 10-8 

:;:: , 
l. qE1l'2 (25.4) 4 

K 
ETC (25.4)2 X 108 :;:: 

4 2 

C = the capacitance (pF), 

D = the junction diameter (mils) and 

V ::: the reverse voltage (V). 

(4. 10) 

, 

These equations have assumed a one-sided abrupt junction which 

is one-dimensional and of' constant area. For a dif'f'used junction, the 

one-sided approximation is reasonable. Also for the diode structures 

investigated, the junction area is approximately constant with respect 

to x. Thus the doping profiles obtained from the C-V data are approxi­

mately correct. The area or diameter of the junction could not be 

obtained without destroying the diode, therefore the nominal value was 

assumed. 

One of the problems which exj sts when taking the C-V data is that 

the capacitance increases with heating. Starting at O V bias the 

capacitance was measured at 100 values of reverse voltage up to breakdown. 

When the reverse voltage was brought back to zero the zero-voltage 

capacitance was slightly larger. After several minutes the capacitance 

decayed back to the original zero-voltage value. The C-V data were then 

taken for ascending and descending values of voltage and the capacitance 

was aver&..ged. 
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The C-V data are reduced by a computer program and plots of the 

capacitance as a function of voltage and the doping density as a function 

of x are obtained. Figures 4.13 and 4.14 show the Calcomp plots for the 

capacitance vs. voltage and doping density vs. x for diode No. TI 40. 

The nominal parameters for this diode were a doping density of 

6 x 1015 cm-3 and a diameter of 0.005 inch. In Figs. 4.15 and 4.16 

similar plots for diode No. TI 40B are shown. Again the nominal 

parameters were a doping density of 3 x 1015 cm-3 and a diameter of 

0.005 inch. Diode No. TI 40B shows that the electric field at breakdown 

has punched through to the substrate as can be seen by the doping density 

beyond 3.5 µm. This is also shown by the nearly zero slope of the 

capacitance for large reverse voltages. 

4.4 Diode Admittance Measurements 

4.4.1 Reflection-~ Amplifier Measurement. The admittance of 

the IMPATT diode was measured in the reflection-type amplifier test 

circuit shown in Fig. 4.17. The power levels of the incident signal 

from the klystron and the reflected signal from the diode are compared. 

The admittance of the diode is measured with the slotted line as a 

function of frequency and de bias current. It was necessary to compare 

incident and reflected power levels as part of the admittance measurement 

in order to determine the sign of the VSWR. As the bias current 

through the diode is increased the negative conductance of the diode 

increases. For a large enough de bias current the negative 

resistance is larger than the series resistance and thus the reflected 

power is larger than the incident power. The VSWR therefore increases to 
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a large positive value as the bias current is increased. At the value 

of current where the reflected power is larger than the incident power 

the VSWR changes sign and decreases in magnitude. This effect is shown 

in Fig. 4.18 for a single-frequency measurement. As a check, the diode 

was mounted in a tunable microwave circuit and was shown to oscillate at 

these de current levels. 

Because of the high VSWR's which had to be measured it was 

necessary to use the double-minimum method63 of measuring a high VSWR, 

A micrometer which measured the relative position of the probe in the 

slotted line to within 0.001 in~h was used to determine the position of 

the two 3 dB points of the standing wave. In order to determine when the 

reflected power was greater than the incident power the following procedure 

was used. An adjustable microwave short was substituted for the diode 

cavity and tuned for maximum reflected power. The variable attenuator 

BdB was adjusted to give equal incident power through path A and reflected 

power through path B. It was necessary to use an adjustable microwave 

short because of the small reflections due to connectors between the 

circulator and diode cavity. The variation in reflected power was smalJ 

as the short was rroved. However by adjusting the short properly the 

point where the reflected power equaled the incident power corresponded 

exactly with a VSWR which was too large to be measured. 

The reduction of the slotted-line measurements to give the 

conductance and susceptance of the diode is done in the following manner. 

The load impedance ZL measured by the VSWR and the voltage minimum 

is given by63 
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:::: z ( l - j r tan e ) 
o r j tan e , 

where Z = the characteristic impedance r-i..' the coaxial line (n), 
0 

r = VSWR, 

21t(x - x )/')i. (rad), 
l 0 

e = 

')\, = the wavelength of the signal frequency (mils), 

(4.11) 

X 
l 

XO 

= 

= 

the position of the voltage minimum with the load (mils) and 

the position of the voltage minimum with the short (mils). 

The impedance is divided into real and imaginary parts as 

= R + jX 

in which 

R 
r 

= 
r2 cos2 e + sin2 e 

and 

X = 
( 1 - r 2 

) sin 28 

2 • (r2 cos2 0 + sin2 e) 

Referring to the equivalent circuit in Fig. 4.2 the measured 

impedance of the diode in the package is related to the conductance 

and susceptance of the diode by 

(4.12) 

(4 .13) 
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1 
R + jX =· 'u:l, + ---------------J s 1 

'c,£ + --------=------J pk 1 
'o.i, + ---------J d 1 -~ +-----J pd 1 

R +---
s G + jB 

By rearranging the equation in the following way, it is found that 

G + jB = -----------
1
---------1 

Defining, 

and 

-----------------R l s 
1 

l 

R + j (X - ai, 1 
s 

- ju!:pd 
- ju.I, 

d 

6. 
DD := ( X - ruL ) - wLd [ 1 + ~ k ( X - u:L ) ] + R • BB , s p s s 

the conductance and susceptance can be expressed as 

G 

and 

B := 

= (AA· CC - BB· DD) 

(CC )2 + (DD)2 

( 
BB • CC + AA · DD) 

(CC )2 + (DD )2 

, 

( 4 .15) 

(4 .16) 

(4.17) 

(4.18) 

(4.19) 

(4 .20) 

( 4. 21) 

(4. 22) 
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In addition to the conductance and susceptance of the diode it is 

necessary to determine the RF voltage across this admittance. In order 

to do this it is first necessary to determine the incident power on the 

diode. By referring to the simplified representation of the test 

circuit illustrated in Fig. 4.19 the incident power can be obtained. It 

is assumed that all of the losses in paths A and B, mentioned 

previously, can be attributed to the directional coupler. The known 

parameters are the measured power levels P t and P, and the variable 
OU 3 

precision attenuator settings AdB and BdB" Therefore referring to 

Fig. 4.19, 

which yields 

Also 

p 
2 

= 10 log (P /P t) 
l.O 2 OU 

= 10 log (P /P ) 
l.O l. 3 

, 

(4.23) 

(4. 24) 

(4.25) 

where (OC)dB accounts for the difference in power levels in dB due to 

the directional c0upler and all losses except the variable attenuator 

then 

p 
l. 

= 

= p + p 
2 3 ' 

( 
p2p+ p3 ) 10 log -

10 
3 

and from Eq. 4.24 this reduces to 

( 4. 26) 

(4. 27) 
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The input power Pin from the klystron is obtained by 

which yields 

P. 1n 
= p 

l. 

and from Eqs, 4.24 and 4.26 which give 

( 
(BdB/10) ) (AdB/10) ) 

P . = P + P · 10 · 10 . in 3 out 

(4.28) 

(4.29) 

(4. 31) 

The input power is assumed to remain constant during the measurements 

at a given frequency. However the attenuator settings are changed to 

adjust the power level incident on the diode. The incident power which 

is P tin Fig. 4.19 is related to the input power by the following 
OU 

set of equations: 

Pinc = p 10-(BdB/lO) , 
2 

p = p + p , 
1 2 3 

p 
( [(DC)dilO] ) 

p = , 10 - l 
2 3 

and 

p pin 
-(AdB/10) 

= 10 
1 

(4. 35) 
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These equations are solved for the incident power as a function of the 

input power and the attenuator settings. The solution is 

P. 1.nc 
= 

( 
[ (:OC ) dB/10] ) 

P. · 10 - 1 in 

In order to determine the RF voltage across the admittance of the 

diode the transmitted power is calculated from the VSWR and incident 

power by 

= P. 1.nc 
4r 

(r + 1 )2 

For a negative VSWR the transmitted power is negative which corresponds 

to the diode delivering power rather than dissipating power. The only 

circuit elements in the equivalent circuit of the diode shown in Fig. 4.2 

which could either dissipate or deliver power are the serie& resistance 

and the conductance of the diode. Thus for the calculation of the RF 

voltage the equivalent circuit can be reduced to the circuit shown in 

Fig. 4.20. The admittance of this circuit is 

G + R (G2 + 132) 
B y s + j (4.38) = 

(1 + R G)2 + R2 B2 (1 + R G) 2 + (R B)2 

s s s s 

which can be represented by 

y = G' + jB' (4.39) 

The transmitted power is related to the equivalent conductance G ' by 
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B G 

FIG, 4.20 EQUIVALENT CIRCUIT FOR CAI£ULATION OF RF VOLTAGE, 
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where VT is the RF voltage across the input terminals. Thus 

= 

The RF voltage across the admittance of the diode is 

= 
V 

T 

Therefore combining Eqs. 4.41 and 4.42 the RF voltage is 

(4 .4o) 

(4 .41) 

(4 .42) 

In Figs. 4.21 and 4.22 the experimentally measured admittances for 

the two diodes, Nos. TI 40 and TI 40B, are plotted as a function of 

de bias current and fre.quency. For all of the points shown the RF voltage 

across the diode as calculated above was 1 V or less. Thus these 

admittance plots are for the small-signal admittance. As the incident 

power was increased, the VSWR and voltage minimum remained constant 

until the RF voltage was slightly larger than 1 v. Then the measurements 

showed the presence of other frequencies which were large enough in 

magnitude to affect the VSWR and minimum position measurements. The 

microwave test circuit shown in Fig. 4.17 is assumed to present a 50-0 

match to the diode at all frequencies. But in reality the connectors 

and circulators are not perfect and the diode is not loaded with a 50-n 
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load at all frequencies. For the measurements plotted in Fig. 4 .21 two 

circulators had to be used, one designed for 4 to 8 GHz operation and the other 

for 8 to 12 GHz. Circulators act as a reactance rather than a load out of 

their designed frequency band and thus the diodes are not necessarily loaded 

with 50 n at all frequencies. Due to the broadband negative resistance of 

IMPATT diodes and its nonlinear behavior the diode can generate power at 

frequencies other than the impressed frequency when the impressed signal 

becomes large enough in magnitude and the load at the other frequencies is 

small. Thus it was necessary in these measurements to keep the RF voltage 

small. By using better wideband, low VSWR connectors and a combination of 

broadband directional couplers which are lossy out of band rather than the 

circulator, this problem might be eliminated. 

The results plotted in Figs. 11 .21 and 4. 22 do show qualitative agreement 

with the predicted theoretical trends presented in Chapters II and III. The 

negative conductance increases with increasing de bias current and the 

susc~ptance decreases slightly. Also the cutoff frequency, the frequency 

below which the conductance is positive, decreases with decreasing de bias 

current (Fig. l~ .21). Finally, the negative conductance for the abrupt 

junction with the higher <loping density is larger than for the lower doping 

density. However, in order to compare the admittances of the two diodes at a 

given bias current, the error involved in the determination of the diodes' 

areas should be considered. As shown previously for diode No. TI 40 the uoping 

c.lens i ty for a O. 005-inch diameter wa:;; 6 x 1015 cm- 3 • Assuming a variation 

in the doping density of ±10 percent which is within the range specified by 

the manufacturer, this yields an error in the determination of the area of ±5 

percent. For diode TI 40R the doping density was J x 1015 cm-3 for a 0.005-

inch diameter. Assuming the same variation in doping density a ±5 percent 

error is also po1:>sible. With this. tolerance value it is seen that in the 
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worst case the negative conductance for the diode with the higher doping 

density is still larger than the lower doping density one. 

Diode No. TI 40B was not operated above 50 mA since it was found that 

punch-through diodes burn out coore easily than nonpunch-through diodes, This 

is believed to be caused by the fact that nonuniform avalanching causes 

filame.1ts to form which, when the diode is operating from a constant current 

source, will cause the current density in this small filament to increase 

and burn out the diode. For nonpunch-through diodes however if a filament 

forms, the undepleted region of the diode acts as a series resistance for 

each small filament. As the current increases in the filament the voltage 

drop across the corresponding undeplete<l region increases causing a decrease 

in voltage across the filament and decreasing the avalanching. 

4.4~2 Oscillator Measurements. The second method for measuring the 

admittance of an IMPATT diode is an indirect method of measuring the 

admittance of the microwave circuit in which the diode is oscillating. The 

admittance of the diode package and coount must be the negative of the 

admittance of the microwave circuit. The measured admittance is then trans­

formed through the equivalent circuit to calculate the admittance of the diode. 

The microwave test circuit used for the oscillator measurements is 

shown in Fig. 4.23. The diode is tuned with a slug in the coaxial cavity 

to oscillate at a single frequency for a given de bias current. Single­

frequency operation is verified by inserting a probe in the diode cavity 

above the diode and monitoring the output on the spectrum analyzer. The 

diode is tuned in such a way that all frequencies except the operating 

frequency are down in power by at least 30 dB. The frequency is measured 
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by matching the frequency from the signal generator and the oscillating diode 

on the spectrum analyzer with a 1 MHz/cm spectrum width and then 

measuring the signal-generator frequency with the wavemeter. The power 

output or RF voltage level of the diode is varied by changing the 

insertion of the slide screw tuner, which is measured with a micrometer. 

The power level is measured for each insertion of the slide screw tuner. 

The next step is to remove the diode from the diode cavity and connect 

a 50-n coaxial-line adapter and the slotted line in place of the diode. 

The admittance of the microwave ~ircui t is measured for each insertion 

of the slide screw tuner and at the frequency at which the diode was 

oscillating. The admittance of the microwave circuit is measured with 

respect to the reference plane located at the flange of the diode and 

then transformed through the package to the diode. Finally, the input 

power from the signal genera tor is measured along with th~ oower which 

is transmitted through the circuit to the power meter at the end of the 

circuit. 

The calculation of the admittance of the diode from the experi­

mental VSWR and voltage minimum position is the same as for the reflection­

type amplifier measurement. The RF voltage across the diode is found by 

calculating the loss in the circuit between the diode and the power 

meter. This is done by calculating the transmitted power from the signal 

generator to the circuit l'rom the input power and the measured VSWR as 

shown in Eq. 4.37. The loss is found from this power and from the 

measured power which is transmitted through the circuit. From the loss 

in the circuit and the power measured when the diode was oscillating 

the power delivered by the diode is obtained. Finally, knowing the 



-2l3-

power delivered and the admittance of the diode, the RF voltage is 

calculated as was done previously. 

The conductance and susceptance for diode No, TI 40 are plotted 

in Fig, 4.24 for several different frequencies and a bias current of 50 mA. 

The results show that the conductance decreases and the susceptance increases 

for increasing RF voltage as predicted in Chapter III (Fig. 3.23). The 

decrease in the negative conductance for a change in RF voltage from 1 V to 

10 Vis approximately 20 percent at 9.9 GHz whereas the decrease predicted 

in Chapter III for an abrupt junction w'i th a doping density of 5 x 1015 cm-3 

at U.e optimum frequency is approximately 23 percent. Also the decrease in 

negative conductance for the lower frequency (8.75 GHz) is less than at the 

higher frequencies, however the susceptance does not change as much as 

predicted by the results of Chapter III- The magnitude of the negative 

conductance is somewhat less than predicted for a comparable doping density. 

It is again difficult to compare the magnitude of the negative conductances 

for a given current density since the area of the junction is not known 

exactly for the experimental diode, however the errors involved in this case 

have been discussed previously. 

Some elaboration must be given to several points about thib 

measurement. The microwave circuit was kept as simple as possible and 

thus it was not always possible to change the RF voltage wi tr, the slide 

screw tuner while holding the diode in a constant, single-frequency 

mode. This is illustrated by the results in Fig. 4.24d in which the 

RF voltage remained relatively constant for many different insertions 

of the slide screw tuner. A second point is that as the slide screw 

tuner was inserted the spectrum width of the oscillations would change 

slightly. Also a point was reached for which the diode would not 
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maintain single-frequency operation. Either several other frequencies 

would appear or a very noisy spectrum would result. As the insertion 

was decreased, it was not possible to continuously decrease the RF voltage 

without having the diode stop oscillating before the voltage reached zero. 

This is illustrated in the figures since the admittance for 1 V or less was 

not obtained. Finally, the f~equency of the oscillating diode changed 

slightly as the slide screw tuner was inserted. In Fig. 4.25 the change in 

frequency is plotted as a function of the RF voltage which corresponds to a 

change in the insertion. As is shown, the change is less than 0.25 percent; 

however, it was accounted for when the admittance measurements were made. 

Since the frequency decreases slightly for increasing RF voltage the 

susceptance should increase a little faster than measured, 

In Fig. 4.26 the conductance and susceptance are plotted for the 

same diode with a de bias current of 30 mA. The conductance is less for 

the lower bias current as predicted. With the microwave circuit used it 

was difficult to obtain single-frequency operation at 70 mA bias current 

due to the large, broadband negative conductance. 

The errors which can be introduced into the measurement of the 

admittance of the diode come from several sources. One source is due to 

the mechanical stress and torque on the circuit. When the diode is 

removed from the circuit and the 50-0 coaxial adapter is connected, 

mechanical stress or torque on the connectors and adapters in the circuit 

can give rise to errors in the measured circuit admittance. Another 

source of errors is in the measurement of the voltage minimum position. 

Even though the pro be is inserted as far as possible to detect the minimum 

position, the location cannot be determined exactly due to the high VSWR 

and noise in the system, The effect of an error in the minimum position 

on the negative conductance is shown in Fig. 4. 27. The conductance ·is 
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plotted as a function of the RF voltage for different values of error in 

the minimum position. At this frequency, 10.75 GHz, the effect of the 

error is larger than at lower frequencies due to the shorter wavelength. 

The error in the measurement of the minimum position could be as large 

as± 0.010 inch since the minimum position must be measured for both 

the reference plane and the admittance. Another source of error is in the 

measurement of the distance used for the double-minimum method for high 

VSWR. The measurement of the two positions where the standing wave is 

3 dB above the minimum is not as difficult as the minimum position 

measurement since the noise does not affect the signal appreciably at 

this power level. The VSWR is related to the distance between the two 

3-dB points by63 

VSWR (4.44) 

where A = the wavelength in the coaxial line (mils) and 

x the distance between the two 3-dB points of the VSWR_ (mils). 
0 

The effect of an error in the measurement of x on the negative conductance 
0 

is shown in Fig. 4.28. The error is largest at the high frequency as 

before. The uncertainty in the measurement of x was less than t 0.003 
0 

inch, This error has less effect on the conductance than the error in 

the minimum position. The final source 01· error to be discussed is the 

measurement of the power transmitted through the circuit to the power 

meter from the signal generator. Since the signal generator is low 

pc,wer and the reflection coefficient of the circuit is large, the 

power transmitted is small and difficult to measure accurately. However 
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this measurement ~ffects only the magnitude of the RF voltage rather 

than the magnitude of the negative conductance. 

In Fig. 4.29 a comparison of the two methods of measuring the 

admittance is shown. The negative conductances and susceptances for the 

oscillator test are taken as approximate values from Fig. 4.24. The de 

bias current is 50 rnA. The susceptance values are in fairly good 

agreement. At the lower frequencies where the errors mentioned 

previously are less, the conductances agree fairly well whereas for the 

higher frequencies there is more discrepancy. However considering 

the errors just mentioned the agreement is not as bad as indicated. 

The susceptance is much easier to measure accurately since it is large 

whereas the conductance is more difficult to measure since it is only 

one tenth that of the susceptance. Another point must be made in that 

the two methods of measuring the admittance do not present the same 

equivalent circuit to the dioqe. For the oscillator measurement the 

circ1lit is tuned to obtain single-frequency operation which means the 

harmonics of the current through the diode are shorted. Whereas for 

the reflection-type amplifier measurement the circuit is not tuned and 

the impedance seen by the harmonics of the current might be large as 

will be discussed in the neAt section. Thus it is not apparent that the 

two methods should yield the same result for all frequencies. 

4.5 Single-Frequency Operation 

The two large-signal analyses presented in Chapters II and III 

assume that the diode oscillates with a single-frequency RF voltage 

across it. This assumes that all the harmonics of the voltage are 
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shorted by the package and microwave circuit. The experimental results 

presented in this chapter were obtained with the diode oscillating 

essentially in a single-frequency mode with all other frequencies at 

least 30 dB below the fundamental oscillating frequency. In order to 

show how the diode could oscillate in a single-frequency toode, the 

impedance seen by the diode was adjusted to match the impedance of the 

diode at the oscillation frequt:,1cy; it was then calculated as a function 

of frequency to investigate its behavior at the harmonics. In order for 

single-frequency operation to exist, the load impedance must match the 

impedance of the diode at the oscillation frequency and must be small 

at the hartoonics. 

In Fig, 4.30 the equivalent circuit of the diode, diode package 

and microwave circuit is shown. The conductance of the diode is -G and 

the susceptance is separated into an inductance L and a depletion-layer 
a 

capacitance ed. The parameters Rs' Ld,cpk and Ls have been defined 

previously. The microwave circuit is represented by~ and~-

For a given admittance of the diode at a given frequency,~ and 

~ must have the value such that the admittance seen by the diode is 

the negative of the diode admittance. The diode admittance is 

y = -G - i_ 
ui, 

a 

and therefore the circuit admittance at the oscillation frequency must oe 
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1 (4.46) 

The values of 11, and~ are obtained from this equation at the oscillation 

frequency. Defining, 

AA 
t::,, 

1 - R
5

G + wLd ( of. - cn;d) , 
a 

(4.47) 

BB 6 
R ( al - uJ; d) + <tl.,dG s 

a 
(4.48) 

cc 6. 
G - oJ;pkBB 

and 
t::,, 1 

DD = - uJ; - uJ; AA , 
oL d pk 

a 

the 1 oad resistance which satisf•ies Eq. 4.46 at the oscillation frequency 

is 

~ 

and the load reactance is 

~ -oL 

= 

s 

AA· CC - BB· DD 

(CC )2 + (DD )2 

( 
BB · CC + AA · DD ) 

(CC )2 + (DD )2 

For this load, I\, and~, the diode will oscillate at the given 

frequency. 
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The load resistance and reactance may be represented by either 

a series or a parallel load. In the series load the resistance is 

assumed independent of frequency and is given by Eq. 4.51. The series 

reactance is represented by a sliding short which has a frequency 

dependence given by 

~ = 

For the operating frequency 

arctan (;) 
0 ' 

where Xy. is calculated from Eq. 4.J2. For other frequencies the angle 

is given by 

.L 
f 

0 

The circuit for the parallel load is shown in Fig. 4.31. For the 

parallel load the resistance R is assumed independent of frequency while p 

the reactance has the same dependence as Eq. 4.53. The impedance of this 

circuit is 

= 
R 

1 + ( _Z_R_.P,___~ )2 
tan 0 

0 f 

+ j 

In order for the admittance of the circuit to satisfy the condition 

in Eq, 4.46, 



-227-

--

' . • jZ0 tan It .. 

--

FIG. 4.31 MICROWAVE CIRCUIT FOR THE PARALLEL LOAD. 



-228-

R 

8r, = (4.57) 

+(z 
R )' 1 I! 

tan ef 
0 

0 

and 

z
0 

tan ef 

~ 
0 (4 .58) = 

( Z0 tan ef 
0 )' 1 + R 

p 

Solving these two equations for RP and er , the following results are 
0 

obtained: 

( 4 • 59) 

and 

(4.60) 

The frequency dependence of~ and~ for the parallel load is given by 

Eqs. 4.57 and 4.58 where ef is calculated by Eq, 4.55. 

The admittance seen by the diode as shown in Fig. 4.30 is given 

by the right-hand side of Eq. 4.46. Defining, 

, (4.61) 

(4.62) 

GG 6 
1 - uC (oL + x_ ) - u£ • FF pk s --i, d 

(4 .63) 
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and 

A 
HH (£pk~ + a!!d . EE , (4 .64) 

where Hr, and~ are calculated by either Eqs. 4.51 and 4.53 or by 

Eqs. 4.57 and 4.58 for each type of load and frequency. The admittance 

is then given by 

or the impedance is 

Therefore 

lz I 

and 

y = GG + JHH 
EE + jFF 

Z "" 1/y 

::: ( (EE )2 + (FF )2 ) 
(GG )2 + (HH) 2 

1/2 

il = arctan ( : ) - arctan ( ~ ) 

(4.65) 

(4. 66) 

(4.67) 

(4.68) 

The magnitude of the impedance given by Eq. 4.67 as seen by the 

diode is plotted in Figs. 4.32 through 4.35 for different oscillation 

frequencies. The negative conductance of the diode has been assumed to 

be -1.5 mmho. The depletion layer capacitance is calculated by 

eA 
= 

d 
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where E = 

A = 

Thus Cd is 0.25 pF and the inductance due to the avalanche process is 

obtained f t'Om the small-signal cutoff or avalanche frequency 6 in which 

where the avalanche frequency is taken as 6.5 GHz. Substituting these 

values into Eq. 4.70, the inductance is 2.4 nH. The circuit elements 

fol' the package are the values measured experimentally and presented in 

this chapter. 

Even though the impedance of the microwave circuit has been 

greatly simplified, the results obtained show several important effects. 

First, for the case where the diode is oscillating at 9 GHz (Fig. 4.34) 

the impedance at the oscillation frequency is 133 n. The RF voltage at 

this frequency is equal to this impedance times the magnitude of the 

current component at this frequency. At the second harmonic, 18 GHz, 

the magnitude of the impedance seen by the diode for the series load is 

l. 26 D. The magnitude of the second-harmonic current component will be 

at most one fifth of the fundamental current c anponent and thus the 

RF voltage at the second harmonic is at most 1/500 of the RF voltage at 

the fundamental. This corresponds to essentially shorting the 

harmo.nic and having the diode oscillate in a single -frequency mode. The 

second effect is that for other tuning conditions as shown by the case 

where the oscillation frequency is 7 GHz (Fig. 4.32) the opposite 
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condition can exist. The magnitude of the impedance at 7 GHz is 104 n 

while at 14 GHz the impedance is 670 n for the parallel load. Using 

a similar approximation as before, the RF voltage at the second harmonic 

would be larger than at the fundamental. Thus the diode would not 

oscillate in a single-frequency mode. The final effect is the comparison 

of the parallel and series loads. As can be seen the frequency response 

of the impedance seen by the diode is different for the two loads, 

however, either type of load can be used to make the diode oscillate 

in a single-frequency mode with the proper choice of circuit parameters. 

This is due to the fact that the microwave circuit load is only one part 

of the impedance seen by the diode and that the package parameters which 

transform this load are the other important part of the impedance. 

4.6 Conclusions 

Experimental results of the operating characteristics of IMPATT 

diodes have been presented in this chapter. An equivalent ci re ui t for 

the diode package and mount was obtained. The validity of the trans­

fa rmat ion of the diode admittance through the equivalent circuit to the 

microwave circuit was verified by comparing C-V 9-ata obtained at l MHz 

and at X-band. The C-V data were also used to calculate the doping 

density of two different diodes as a function of the depletion layer 

width. In Section 4.4 the small-signal admittance of these two diodes 

was measured as a function of de bias cur1~nt with a reflection-type 

circuit. The results showed that the negative conductance of the diode 

increases with bi as cur rent and doping density as predicted by the 

theoretical results. The large-signal admittance was obtained from a 



measurement of the admittance of the microwave circuit seen by the diode 

when oscillating. The RF voltage across the diode is also obtained from 

the power measurement. These large-signal results sh:>w the same decrease 

in negative conductance with increasing RF voltage as predicted by the 

theoretical results. Finally, the assumption of single-frequency 

operation is discussed with results showing that the harmonic voltage 

can be any magnitude from essentially zero to larger than the fundamental 

depending upon the circuit parameters. Also the results show that it is 

possible to use both parallel and series microwave circuits :for single­

frequency operation. 



CHAPTER V. SUMMARY, CONCLUSIONS AND SUGGESTIONS FOR FURTHER STUDY 

2!.,l Summary and Conclusions 

The purpose of this study has been to investigate the large-signal 

operating characteristics of IMPATT diodes. 1~o large-sir,nal analyses 

were derived for ~tudying the operating characteristics of the idealized 

Read structure and more realistic diode structures as a function of 

the diode parameters and bias co~d,tions. fhe operatinv characteristics 

were measured experimentally and correlated with the theoretical results. 

A large-signal analysis for studying the operatin~ characteristics of 

a Read diode was presented. The analysis was an extension of thP short­

transit-angle analysis 9 but was not limited tu small-transit-anvle d:odes. 

A discussion of the assumptions incorporated in analyzin,' a Read diode 

was g;i ven. The iterative technique used for sol v inir the in tet'ro-

d ifferent ia l equation relatinf'. the current 1rener·ated in the avalanche 

region and the RF voltave across the diode was discussed. The admittance 

of a Read diode was obtained as a function of the operatin1r frequency, RF 

voltage, de bias current and transit an, le of the diode. The results 

showed that the ne1;ative conductance increases w: th increas irn' de bias 

current and that the cutoff frequency, the frequency below which the 

conductance is positive, increases w:th bias current. Both of these effects 

were verified by experimental results. An optimum transit anule for 

maximum negative conductance was shown to be 0.8rr. However the limitations 

on the magnitude of the RF voltage with respect to the breakdown voltau,e 

and to maintaining saturated drift velocity of the carriers throughout the 
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diode et every instant of time in the RF cycle showed that en optimum 

transit angle for maxinrum efficiency was less than the optimum transit 

angle for maximum negative conductance. This was due to the fact that 

for larger transit angles the amount of space charge in the diode is 

larger since the carriers are traversing the diode for a longer time. 

The space charge of the carriers suppresses the field in the drift region 

causing the carriers to drop out of saturated drift velocities. Finally 

a discussion was given on the effect of allowing carriers to drift et 

nonsaturated velocities. This effect increases the output power due to 

two factors. fhe transit angle of the diode could be improved to increase 

the negative conductance by the longer drift time of the carriers end 

at the same time the RF voltage across the diode would be larger. 

The derivation and results of a large-signal analysis for studying 

the de, single-frequency and multifrequency operating characteristics 

of realistic IMPATT diodes were presented. The analysis allowed for 

electron end hole multiplication by impact ionization to occur at every 

point in the diode and did not assume that the avalanche region was 

narrow so that the divergence of the displacement current was neglected 

in this region. Therefore, it was possiLle tc investigate a wide range 

of doping profiles and materials. The analysis did assume equal saturated 

drift velocities end ionization rates for the carriers which therefore 

did not allow for nonpunch-througb diode structures to be considered. 

A differential equation relating the total current density (conduction end 

displacement) through the diode to the RF voltage across it was derived. 

The equation was solven by an iteration technique one computer. The 

electric field, hole current density end electron current density were 



-239·· 

obtained as a function of the phase of the RF voltage and position in 

the diode. The de current density was plotted as a function of the bias 

voltage for the different diode structures. The current density above 

which the de differential conductance was negative was shown to be 

related to an electric field profile in which the majority of the 

avalanching occurred at both ends of the diode rather than in the middle. 

The admittance, power output, efficiency and bias voltage of the diode 

were obtained as a function of the operating frequency, RF voltage and 

de bias current density for the different diode structures. For the 

three pin diodes of Si, GaAs and Ge which were compared, the Ga.As diode 

showed a slightly larger efficiency as a function of the RF voltage at 

the optimum operating frequency. All of the diodes considered showed an 

optimum operating frequency for maximum negative conductance which was 

related to the total phase delay between the RF volta~e and current of 

the diode. An important effect predicted by this analysis is the effect 

of the dopinv, density on the ne~ative conductance of the diode. It was 

shown that as the doping density increased the avalanche re~ion (the 

region where the ~arriers were generated) became narrower. 

This caused more of the carriers which were generated to experience the 

same total phase delay and thus the negative conductance was lar~er for 

the proper operating frequency. This effect was verified ex per imenta lly. 

As the RF voltage was increased this narrow avalanche region became wider 

due to space-charge effects and the negative conductance approached 

that of a pin diode where the carriers were generated throughout most 

of the diode. Finally, the multifrequency results showed that the phase 

an!~le bl'!tween the two harmonically related RF voltages was an important 
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parameter. With the proper phase angle the RF voltage waveform was such 

that the current generated in the avalanche process was delayed enough 

for operation below the cutoff frequency. However with another phase 

angle the conductance of the diode was degraded with respect to the 

single-frequency conductance. 

The operating characteristics of IMPATT diodes were eval•mted experi­

mentally. An equivalent circuit for the diode package and mount was 

obta 1 ned. The transformation of the diode admittance which this circuit 

performed was verified b.Y comparing the depletion layer capacitance of the 

diode as a function of the reverse voltage measured at 1 MHz where the 

trans format ion is unity and at X-band. The doping density for two different 

,'1.brupt -junction diodes was obtained from this C-V measurement. The 

adml ttance of these two diodes was measured as a function of the de bias 

current and frequency by a reflection-type circuit. Since t.he circuit was 

not a perfect 50-0 match at all frequencies due to reflections i~ the 

connectors and circulator the measurement was made under small-signal 

conditions. The experimental results verify qualitatively several of the 

theoretical ones. These include the effects of bias current, frequency and 

doping density on the small-signal admittance. The increase in the cutoff 

frequency with bias current was also verified experimentally. The admittance 

of the diode was obtained from the admittance of the microwave circuit seen 

~Y the diode when oscillating at a single frequency. These large-signal 

result3 showed agreement between theory and experiment concerning the 

decrease in the magnitude of the negative conductance with increasing RF 

voltage. However, the magnitude of the conductance measured by both of 

these methods was somewhat less than the value predicted by the theory. 
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Also the change in susceptance with RF voltage which was measured was less 

than predicted. Due to the errors in the area of the diode the magnitude 

of the conductance and susceptance per square centimeter could be closer to 

the theoretical values than shown. Finally, a discussion of single­

frequency operation was present~d. By assuming a simplified microwave 

circuit it was shown that the impedance seen by the diode at the harmonics 

of the oscillation frequency could be very small or very large depending 

upon the operating conditions and the circuit. Thus the harmonics of the 

RF voltage could be very small in magnitude or of the same rnagni tude as 

the fundamental oscillation RF voltage. 

5.2 Suggestions for Further Study 

Al though the large-signal analyses developed in this investigation 

for studying the operating characteristics of realistic IMPATT diodes 

provide good physical results and insight into the operation of an 

oscillating diode, there are a number of interesting questions which 

remain to be answered. The first effect to investigate would be the 

effect of higher current densities on the operating characteristics in 

order to determine the current saturation effects. Also it would be 

informative to investigate more diode structures and doping densities. 

The restriction of saturated drift velocities of the electrons and holes 

would have to be removed along with the capability of handling an 

undepleted region in the diode. Diodes with higher doping densities could 

then be analyzed to determine whether an optimum doping density for 

maximum negative conductance exists. The effect of unequal drift velocities 

and ionization rates would also be of interest. It appears that both of 

these effects would degrade the performance of the diode since this 
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would spread the total phase delay of the carriers over a wider range of 

values. Finally, the effect of diffusion should be studied to determine 

if and when it is important. Again diffusion could degrade the 

performance of the diode since the sharp pulse of carriers which is 

generated in highly doped diodes with large RF voltages would be spread out. 

Experimentally there are several measurements which should be 

made. The diode should be operated both in the single-frequency and 

multifrequency modes. The admittance as seen by the diode at the 

fundamental and harroonics should be measured and compared to determine 

if the harmonics are shorted for single-frequency operation. A circuit 

should be designed for tuning both the fundamental and the second 

harmonic frequencies independently. Also it would be convenient to design 

a circuit in which the conductance and susceptance seen by the diode 

could be tuned somewhat independently. Characterization of these circuits 

should be done in such a way that the tuning of the diodes would take less 

trial and error. 

These are a few of the experimental measurements ~hich should be 

made as related to the present investigation. A great deal of other 

experimental work remains to be done relating to designing circuits for 

higher output power and efficiency, lower noise figure and lower thermal 

resistance. 



APPENDIX A. CONDITIONS FOR A PERIODIC SOWTION IN READ-DIODE ANALYSIS 

In Chapter II the differential equation involving the avalanche 

current was found to be 

dJ ( t) 
0 

dt 

This equation reduces to 

= B + C sin wt - D j t ( T - t + t 1
) J

O 
( t 1

) d t 1 

t-T 
(A. 1) 

If J (t) is a periodic function with some positive average value then the 
0 

logarithm must also be periodic. Also the derivative of a periodic 

function is periodic with a zero average value, thus 

d 
< - ln J (t)> = 0 dt o 

This implies that 

or that 

<B + C sin wt - D ft (T - t + t')J 0 (tl'\ dt 1> = 0 
t-T 

B 

(A. 2) 

(A. jl 

(A. 4) 
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The current which is periodic can be represented by a Fourier series as 

J ( t) 
0 

= 

00 

-00 

J 
n 

If this relation is substituted into Eq. A.4 and the integration performed, 

the following result is obtained: 

B 

Because of the exponential in the summation the average value of the sum 

is zero and Eq. A.6 reduces to 

B 
DJ T 2 

de 
2 

Substituting in the relations for Band Das given in Eq. 2.16, the 

equation reduces to 

Tilus Ud s c:ondi tion is necessary for the solution of the differential 

,_,qu::i.Lion, Eq. 2.16, to le periodic but it is not sufficient. 

(A.'() 

(A.8) 



APPENDIX B. OPTIMUM TRANSIT ANGLE IN A RF.AD-TYPE DIODE WITH SPACE-CHARGE 

EFFECTS INCLUDED 

Under large-signal conditions the waveforms for the RF voltage, 

RF field, avalanche current and external current in a Read diode can be 

approximated by the waveforms shown in Fig. B. 1. For these waveforms 

the optimum transit angle for maximum output power and efficiency will 

be derived. 

The jump in the RF field when a sharp pulse of current is 

generated in the avalanche region is a function of the amount of charge 

in the pulse which in turn is proportional to the de current by 

where f is the frequency of oscillation. Thus 

L\E = 

If it is assumed that the current pulse is symmetrical then the RF field 

goes to zero when one-half of the charge is generated. This instant of 

time will be a function of the magnitude of the RF field as 

ERF sin y re 
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x,r 
.,1 

FIG. B.l VOLTAGE, FIELD AND CURRENT WAVEFORMS IN A READ DIODE FOR 

A LARGE RF VOLTAGE. 
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where y is defined in Fig. B.l. Assume that the voltage is related to 

this field by 

where ~ 

= • X 
L 

the width of the diode. Thus 

sin yrc = 
I XL de 

2fEAVRF 

, 

< < where 0.5 = y = 1. The width of the diode can be obtained from the 

transit time which is a function of x and y by 

1 v . (x - y)rr. 
s 2J(f 

where v = the saturated drift velocity. Thus 
s 

V (X - y) 
s 

2f 

, 

Substituting this into Eq. B.5 the following relation is obtained: 

sin yrr = 
Id v (x - y) 

C S 

4f2 
EAVRF 

This equation imposes a constraint on the parameters since the sine 

function is always less than or equal to unity. The equation for the 

average power dissipated by this waveform is given by 

p 1 
2rr 

(B. 4) 

(B. 6) 

(B. (' 



-248-

'I'his integral can be evaluated to give 

p = 

The de current is related to the maxinrum current by 

which gives 

Therefore 

1 
2n 

I max 

I max 

j' X1t 

Y1t 

I drut max 

- y \ 
) 

and substituting this into Eq. B.10 gives 

p 

The efficiency of the device with these waveforms is 

, 

(B.10) 

(B. 11) 

( B. 12) 

(B. lj) 

(B.14) 

(B.15) 

where VB is the de bias voltage. The bias voltage is proportional to the 

length of the diode which is a function of the transit angle. A typical 

value for bias voltage is 100 V for a 0.75rr transit angle at 10 GHz. 

Thus the bias voltage can be expressed as 

VB = 100 f(-r) , (B. 16) 
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where f(T) is the dependence on the transit time. This function is 

given by 

= XL ( T) IXL (TO • 751f ) 

whPre 

x ( T ) = v T = v ( x - y) re/ ( 2 ref ) 
L s s 

and 

xL(-r0.75re) = VT = V (0.75n)/(2rr.. 1010
) , s o. 75rr. s 

Therefore 

f(T) 

The bias voltage is 

thus the efficiency is 

T) 
re 

{ X . - y) • 101 O 

o.75r 

{x - y) 
o.75r 

( 0. 75f) ( cos yre - cos xrr.) 
1012 (x y)2 

(B.17) 

(B. 18' 

(B.19) 

(B.20) 

In order to determine the maximum output power and efficiency as a 

function of the transit anRle, a computer pro~ram was written to evaluate 

the output power and efficiency. The diode parameters vs, f" and A were 

taken as follows: 

V = 1 X 107 cm/ s, 
s 

E = lC - 12 F/ cm and 

A 
-4 2 

10 cm . 

Different values for Ide' f and transit angle (x - y) were specified. The 

breakdown voltage was then calculated end the different values of RF voltage 
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were determined relative to the breakdown voltage. For each RF voltage 

the output power and efficiency were calculated. These results are 

plotted in Figs. B.2 through B.4. These figures show the essential 

features of the Read diode. An optimum transit angle exists which depends 

on the RF voltage, de current and frequency of operation. As the RF voltage 

is increased for constant de current the optimum transit angle decreases 

due to the additional phase delay in the avalanche process (Fig. B.2). 

The optimum transit angle is smaller for maximum efficiency than for 

maximum output power due to the effect of transit angle on the input 

and output power (Fig. B.3). As the de current is increased for a constant 

normalized RF voltage (VRF/VB) the optimum transit angle increases due to 

the decrease in phase delay in the avalanche process (Fig. B.4). 
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APPENDIX C. EXPLANATION OF THE EFFECTIVE IONIZATION RATE 

The effective or average ionization rate which has been used in 

the large-signRl analysis is obtained from the experimental rates for Si, 

l~s and Ge. The de breakdown voltage is determined for the dio<;le by 

solving for the field which satisfies the condition for breakdown with 

1 . . t. t Th. dit · 64 · unequa 1on1za 1On ra es. 1s con 1On 1s 

J xLa exp(-Jx(a -a) d"'f}dx 
0 p O p n • 

1 ( c. 1) 

The electric field in the diode is determined by the doping profile from 

Poisson's equation by 

E(x) 
' 

( C.2) 

where E(O) is an arbitrary value of the field at x = 0. ppace-charge 

effects have been neglected in Eq. C.2. The field E(O) is determined 

in such a way that Eq. C.l is satisfied. Then the voltage at breakdown 

is 

(c.,) 

The effective ionization rate is obtained by finding the constants 

A' an~ b' of the ionization rate which satisfy the breakdown condition 

for equal ionization rates, 
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1 , ( c. 4) 

and give the same value of breakdown voltage. These constants are 

approximately the mean value of the constants for the unequal rates. These 

equations were solved by an iteration technique on the computer. The 

effective ionization rate for S1 is plotted in Fig. C.l along with the 

experimental rates for comparison. For GaAs there is no need for an 

effective rate since the rates for electrons and holes are equal. The 

effective rate for Ge is plotted in Fig. C.2 and is compared with the 

experimental values. The constants A' and b' which have been calculated 

for the effective ionization rates are given in Table 3.1. 
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APPENDIX D. PERIODIC SOWTIONS OF LINEAR DIFFERENTIAL EQUATIONS WITII 

PERIOD! C COEFFICIENTS 

The following theorem85 proves that the solution to Eq. 5.19 is 

periodic. 

Theorem 

Let the solution to Eq. j.19, 

,c Y(t) 

be 

= , 

( D. l) 

where A(t) and Y(t) are periodic functions oft with period T; then a 

necessary and sufficient condition for JT(t) to be periodi~ with a period 

Tis 

= 0 

(D.2) 
Proof of Theorem 

It is obvious that for a periodic RF voltage the coefficients A{t) 

and Y{t) defined in Eq. 3.19 are also periodic. 
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a. Necessity: If JT(t) is periodic with period T, then JT(T) = JT(O). 

But 

JT( T) = exp (- }/ A(r) dr) IJT(o) + 1 T Y(r) exp ( J/A(f3) a~) d7] 

( D. 3) 

Hence by substituting JT(T) = JT(o), Eq. D.2 is obtained. 

b. Sufficiency: It must be shown that if the condition in Eq. D.2 

exists, the solution is periodic or that 

= 

for any t. Thus 

which can be written as 

Since A(t) and Y(t) are periodic the integrals from T to t + T can be 

shifted by making the following substitution: 

( D. 4) 
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u = l - T 

and 

du = d)' 

Therefore 

J ( t + T) 
T 

exp (- .// A(r) ar) exp (- }
0 

t A(u) au) 

The last term in Eq. D.9 can be rewritten as 

but 

r u+T 

J A(~) d~ 
T 

since A(t) is periodic. Therefore 

exp ( j 
u+T 

A(~) 
0 

Equation c.9 can be reduced to 

= Ju A(~) d~ 
0 

(D.7) 

(D.8) 

( D. 11) 

( D. 12) 
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= exp (- J/ A(1) d1) exp (- lat A(u) du) 

J T Y(:>-) exp ( J 7A(/3) d/3\ d)' + exp ( J T A(/3) d/3\ 
0 , 0 / 0 ) 

•lat Y(u) exp ( .( A(l'l) dl'l) du] (D.13) 

Using the definition of JT(t), this equation can be written in the following 

form: 

(D. 14) 

which can be rearranged to yield 

. { J/0) [1 - exp ( laT A(1) a1)] + 1:T Y(1) exp ( f
0

1
A(i3) di3) d7} . 

( D. 15) 

By applying the condition of the theorem the last term is then zero and 

(n.16) 

Thus the theorem is proved and the solution is periodic. 
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One point must be noted in the solution of Eq. 3.19; the integral 

of the coefficient A(t) over a period must not be zero. Mathematically 

if this is the case, then JT(O) cannot be evaluated as defined in 

Eq. 3.21. Physically this will never happen as can be seen by considerin~ 

the de case. 'rhe coefficient A is related to the multiplication factor 

M such that in the de case if A goes to zero then M goes to infinity. 

The coefficient will be close to zero but never exactly zero. 



APPENDIX E. EFFECT OF CONVERGENCE CONDITIONS ON CURRENT WAVEFORMS 

The solutions to the differential equations obtained in the 

large-signal analyses of Chapters II and III were obtained by an 

iteration technique. The solutions were assumed to have converged 

when the conductance and susceptance at the fundamental frequency 

changed by less than a prescribed percent. Since it may be possible 

that many different waveforms could have the same fundamental components, 

the effect of this convergence condition on the total current waveform 

or solution of the large-signal analyses must be investigated. 

In Chapter II the solution of the differential equation gave 

the avalanche current generated in the avalanche region as a function 

of the phase of the RF voltage. In Table E.l values of this current 

are listed at different phase angles of the RF voltage as a function of' 

the interation number. Two points soould be made. First, as discussed 

in Appendix A, the condition obtained for a periodic solution was 

necessary but not sufficient, but these results show that the solution 

is periodic. Second, after six iterations which correspor.d to 

convergence in the fundamental admittance the current waveform also 

converges. 

In Chapter III the solution to the differential equation derived 

for the large-signal analysis gave the total current density as a 

function of the phase of the RF voltage. In Fig. E.l this current density 
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Table E.l 

Avalanche Current vs. Phase of the RF Voltage for Different Iteration Nwnbers 

(Ide= 100 mA, f = 9,5 GHz, fa= 10 GHz at 100 mA and VRF = 20 V) 

Phase of the RF Voltage, Degrees 

Iteration 0 90 160 180 270 560 Number 

1 '.),508 121.3 321.0 183.6 12.99 '-_).')01 

2 '.;J.488 120.9 522.0 18L •. '.) 12 .()') ').L.87 

5 '),475 120.6 322.6 184. "( 12, t1l 'J ,1.72 

4 5.466 120.5 322.8 184.8 12.8(1 5. 1•6') 

" '.:;. 46'.) 120.5 322.9 184.7 12.t3d '.).463 _) 

6 5.466 120.5 322.8 184.6 12.88 5,46!+ 

7 5.466 120.5 322.8 184.6 12.89 5 .465 
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is plotted for both O and rr rad as a function of the iteration number. 

In Appendix D the condition imposed to obtain a periodic solution to 

this equation was shown to be necessary and sufficient. For this case 

the conductance and susceptance converged on the thirteenth iteration 

which corresponds to the iteration number when the waveform for the 

total current converged. 

As shown by these two results, the convergence conditions imposed 

in the large-signal analyses produce a convergent current waveform. 



APPENDIX F. DERIVATION OF LF.AST-SQUARES FIT OF EXPERIMENTAL DATA 

The lumped circuit elements in the equivalent circuit ~or the diode 

package and roount are obtained from the experimental data by a least­

squares fit of the theoretical impedance of the equivalent circuit to the 

data. The following derivation is for the open-circuited package which 

has the equivalent circuit shown in Fig. 4.5. The derivation for the 

short-circuited package follows in a similar manner and is not included. 

The reactance of the open-circuited package is 

X 

which can be written as 

Ul)( = 

uL 
s 

1 - --
()£pk 

1 

The curve to which the data is to be matched is ·of the form 

y ax2 
- b , 

(F',1) 

(F',2) 

(F, 3) 

where a and bare constants. Following the method of least squares, the 

difference between the measured values and the calculated values from 

Eq. F'-3 is o. Thus for the ith value 

y. - (ax~ - b) = 5. 
l l l 

(F.4) 
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The sum of the squares of the differences at each point is 

n 

E2 6. l 5~ = = 1 
(y ax2 + b ) 2 + (y - ax2 + b ) 2 + • • • + (y - ax2 + b ) 2 

, 
1 1. 2 2 n n 

i=1 

where n equals the number of data points. 

The least-squares criterion is that the ~onstants a and b should 

be chosen so as to make the ~um of the squares of the deviations E2 as 

small as possible. This is done by applying the conditions for minimizing 

a function of two variables which is to equate to zero the first two 

partial derivatives, thus 

oE2 
da 

and 

oE:2 
db 

= 2(y 
1 

= 2(y -
1 

ax2 + b )( -x2 ) + 2 (y 
l 1 2 

+ ... + 2(y -
n 

ax2 + b) + 2(y ax2 + b) 
1 2 2 

ax2 + b) (-x2 ) = 0 (F.6) 
n n 

+ ... + (y ax2 + b) 0 - :::: 

n n 

( F. 7) 

Collecting terms of the constants a and b, the following equations are 

obtained: 

n 

yixf + 2a I x; 

i=l i=l 

2b f" x2 Li 0 (F.8) 



and 

From Eq, 

and 

i=l 

using 

4 
X -

i 

F,9 a 

this 

i=J. 

i=J. 

n 

y i - 2a I 
i=J. 

relation for b is 

n 

b = ¾(aI 
i=l 

x~ + 2nb 
1 

obtained, 

n 

x~ - I 1 

i=1 

relation in Eq. F.8 yields 

i=l 

x~ -
1 

i =l 

Solving for a from this equation results in 

i=1 i=l a = 

i=l i=1 

= 0 (F.9) 

Yi) (F. 10) 

n 

= I y.x~ 
1 1 

(F.11) 

i=J. 

i=l (F.12) 

The parameters y, x, a and b are related to X, w, L and C k as can 
s p 

be seen from Eqs. F.2 and F,5, Using these relations one obtains 

n n n 

(n I w~X. - I (l)~ I ru. X. ) 1 1 1 1 1 

L 
i=1 i=1 i=1 

(F. 15) = 
s n 

(~ 
2 

n I 4 ~) U}, -
1 

i =l i=l 
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and 

C :; 

pk 
n 

n 

L I u.f! r 
(F. 14) 

s 
-

l. roixi 

i =l. i =l. 
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