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Fig. 8. Calculated values of the transmission coefficient versus frequency
for 0.2-in-wide rectangular slots of various thicknesses in a waveguide.

in Fig. 8. For thick slots (1>A), simple transmission line calcu-

lations can yield reasonably accurate results. The transmis-

sion line calculations shown in Fig. 8 were made by using the

TE1o mode characteristic impedances [6] and neglecting the

higher order modes at junctions 1 and 2.

It is evident that the slot shown in Fig. 9, if filled with

dielectric to lower its cutoff frequency, would have the ex-

pected transmission characteristics of a waveguide pressure

window.

CONCLUSIONS

The modal analysis method of Wexler can be used to cal-

culate the reflection and transmission properties of thick

rectangular waveguide windows. However, for thick, finitely

conducting waveguide windows, the method loses accuracy

because of mode coupling due to surface resistance, By modi-

fying the modal propagation constants so as to include these

effects, significant improvement in accuracy is obtained. This
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Fig. 9. Calculated values of the transmission coefficient versus frequency
of 0.675-in-wide rectangular slots of various thicknesses in a wave-
guide.

same technique can no doubt be used to more accurately treat

other finitely conducting waveguide obstacles.

ACKNOWLEDGMENT

The authors wish to thank Prof. L. Peters, Jr., for the

many helpful suggestions that he made concerning this work.

REFERENCES

[1] L. Lewin, Advanced Thcor’y of Waveguides. New York: Iliffe, 1951,
pp. 21, 88–97.

[2] N. Marcuvitz, Waveguide Handbook. New York: McGraw-Hill, 1951,
pp. 248–257, 404–408.

[3] A. Wexler, “Solution of waveguide discontinuities by modal analysis, ”
IEEE T~ans. Microwave Theory Tech., vol. MTT- 15, pp. 508–5 17,
Sept. 1967.

[4] R. E. Collin, Field Theory of Guided Waws. New York: McGraw-
Hill, 1960, DD. 193, 230.

[5] R. F. H&~ngtori, Time-Hu~monic Electromagnetic Fields. New

York: McGraw-Hill., 1961, p. 73.
[6] E. C. Jordan and K. G. Balmain, EL.ciromagtietic Waves and Radiatitzg

Systems. Englewood Cliffs, N. J.: Prentice-Hall, 1968, p. 264,

Negative TEO–Diode Conductance by Transient

Measurement and Computer Simulation

HANS L. HARTNAGEL AND MITSUO KAWASHIMA

Abstract—A new method based on slow microwave transients
due to steep bias-voltage steps gives a detailed negative-device-
conductance function versus microwave-voltage amplitude ZJS.for
Gunn diodes. Measurements of GSAS and InP devices made by dif-
ferent fabrication processes as used by a variety of manufacturers
show that basic cliff erences in behavior exist. Some of these are rep-
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resentative of high switching speeds and others of good steady-state
efficiencies. Computer simulation of Gunn devices with a range of
mobility and ionized-donor density profiles oscillating in a suitable
resonant structure leads to similar differences in negative-conduc-
tance functions. A first correlation between experimental and theo-
retical behavior is attempted, and it is possible to estimate the mobil-
ity and carrier-density profiles which could most likely be responsible
for a certain device behavior.

It is shown that an external locking signal affects the device’s
negative conductance only for small values of va,, and experimental
results confirm that thks, in accordance with theoretical expectation,
increases the switching speed only of certain types of diodes.
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I. INTRODUCTION !0 $mnpling scope

IFOR SEVERAL years now, transferred-electron oscilla-

tors (TEO’S) have been available. They are in wide-

spread use for numerous applications. Unfortunately, it

is difficult to establish the actual semiconductor space-charge

mode for a particular device producing microwave oscilla-

tions, especially as a whole range of space-charge modes is

possible with nl around 1012 cm–2, where n is the ionized-donor

density andlis thelength of the active layer. Each mode can

cause a different type of behavior, which has to be selected in

accordance with the requirements of any application. Where-

as some space-charge modes, such as the LSA mode, are pos-

sible only with certain RF circuits, the normally found TEO

modes are only determined by such parameters as the con-

ductivity profile, and therefore the fabrication processes em-

ployed which should be correctly chosen for the application

envisaged. Thus a method of systematically characterizing

transferred-electron devices of different fabrication processes

is of value, particularly if information can be derived concern-

ing the space-charge mode present.

Many details of behavior are expressed by the device’s

negative conductance gd as a function of microwave voltage

v.. across the device terminals, One can derive such details as

theoutput power foragiven load conductance, the efficiency,

the switch-on transients, and the output-amplitude stability

forload or bias supply fluctuations, Hitherto, this device con-

ductance has been obtained by measuring the microwave im-

pedance loading thedevice under steady-state c,peration [1]

or by quenching oscillations by suitable loading and determin-

ing the device impedance by reflection techniques. The latter

technique, however, does not necessarily result in the same

results, as the severe loading required for stabilization can

strongly affect the space-charge mode of the semiconductor.

Additionally, the large negative conductance over a wide

frequency range exhibited by a good Gunn diode has made it

difficult to employ this technique. The first technique, on the

other hand, canonly give results for a decreasing I —g~l versus

v.c range, where stable operation impossible.

A more suitable technique has recently been proposed by

the authors [2]. This relies on the measurement of the transi-

entwave foravery sharp bias-voltage step applied. The func-

tion I ‘gall versus vaocanbe obtained from the output-voltage

transient function vo(t), where 1 is the time, after the relevant

quality factors of the resonant circuit and the transformer

ratio of vO/v,. = n have been determined by independent

measurements. This method requires that the transient wave

take a long time with respect to a period of the microwave

so that each amplitude value of the transient can be approxi-

mated as a steady-state case. Several further conditions have

to be satisfied by the circuitry, such as single and constant

frequency operation during transient, a minimum of har-

monic content, and no change in the microwave-cavity mode

(whereas space-charge wave mode changes can and do occa-

sionally occur during one transient). Additionally, the bias

pulse transient must be much shorter than the microwave

transient so that the bias-voltage step can be a,pproximated

to be instantaneous.

This technique has now been employed systematically for

a variety of transferred-electron devices from different manu-

facturers. Additionally, a computer program solving the con-

tinuity and Poisson equations for a range of doping and mo-

bility profiles of Gunn diodes in suitable resonant circuits was
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Fig. 1. Experimental system. (a) Resonator with Gunn-effect diode,
together with pulse-steepening RC network, 1O-Q resistive impedance
transformer, bias-current and voltage probes, low-pass filter, and two
microwave probes. The weakly coupled movable probe 1 is connected
to the sampling oscilloscopes and to a correlation system for the fre-
quency measurement during transient. Probe 2 is fixed and strongly
coupled. (b) Bias pulse experienced by the diode. This pulse is mea-
sured by probe 1 touching the filter section near the diode.

used to calculate theoretical transients. The program was also

employed to determine from the steady-state condition the

corresponding gd(%~) function by applying several load values.

The possibility of allocating to an experimental g~(uac) its

corresponding theoretical function should then produce a

means of determining the type of space-charge mode occurring

in a particular diode. A first approach to this task is described

in this paper. As the gd(vw) behavior strongly depends on

doping and mobility profiles which are determined by the

fabrication processes, it should be possible to establish the

optimum fabrication process for a certain device application

II. THE OSCILLATOR MODEL AND ITS EQUATION

A coaxial cavity is employed, as shown in Fig, l(a). Probe

1 is movable and is very fightly coupled: it monitors the

microwave-field mode of the cavity. Probe 2 is tightly coupled

and represents the load. The bias-voltage pulse experienced

by the diode is given by Fig, 1(b), The cavity with the diode

in its housing and with the load of probe 2 can be represented

by an equivalent circuit as shown in Fig. 2. The energy-con-

servation equation leads then to the equation of an oscillator

in terms of various quality factors and the output voltage VO

across the load, namely

dlnv. CLij
——

dt=– (
~+;++

~@r.,. )

~o 1
——

2Qt -

(1)

(2)

Here, coo is the angular frequency of oscillation, @ is the

quality factor expressing the coupling of the negative-con-

ductance device with the cavity, @ is the unloaded quality

factor of the cavity, and QOX is the external Q giving the
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Fig. 2. Equivalent circuit of resonator with Gunn diode.

coupling of the load with the cavity. Q~ is the total Q of the

system. For growing oscillations, Qt must ibe negative, while

it is positive for decaying output. WithuC, the RF voltage of

the cavity, one finds two coupling coefficients a and /3 as de-

fined by Fig, 2;

vc = avac (3)

Vc = @vo. (4)

This enables one to give the definitions of the quality

factors in terms of the components of the equivalent circuit

of Fig. 2, namely

1 &!d
——

%= CuOa2
(5)

1 gl
.

Q CW(JY“
(6)

ex

Here, C is the equivalent capacitance of the total microwave

circuit, which includes the device’s capacitance transformed

to the cavity. As the device’s capacitance depends on the

voltage ZJW,a change in frequency during the transient time

can be expected. Both computer studies and experimental

investigations (see the Appendix), have shc~wn that this fre-

quency variation is negligible because the device’s capaci-

tance is very small in comparison with the equivalent cavity

capacitance. It is, however, necessary to establish that the

frequency variation during transients for each of the diodes

characterized is below an acceptable limit. A convenient

method for this purpose is described in the Appendix.

Equations (1), (2), and (5) also give a condition for oscil-

lations to be able to start after the bias VOI tage V~ has been

increased above threshold. This condition means that for

small v,c( = (~/a)vo), Q~ must be negative. Tlhis means, I – gd I

in (5) must be sufficiently large for the values of QO and Q.x.

For heavy loading (large gz or small @), oscillations can be in-

hibited. Often, I —g~l has a maximum value for a finite ZIac,

where Q~ can be negative while it is positive for very small

ta~. Then oscillations can only be initiated by applying some

external microwave signal, which has to be maintained until

the ‘transient wave has reached a value where Q~ becomes

negative.

Inserting (3)–(6) into (1) gives a relatiou suitable for the

derivation of gz from the transient function ZIO(time), i.e.

1 dvo @o

(

1
— .— .— ~+~

dt = – ~ nZQ.X gz Qi )
(7)

v.

where n=a//3 and I/Ql= l/ QO+l/Q,X.

II 1. EXPERIMENTAL PROCEDURE

The X/2 resonant cavity employed is made of a SO-Q co-

axial line with the device a distance X/8 away from the two-

stage filter blocking the microwaves, but permitting the

passage of very steep bias pulses with a minimum of distor-

tion (in Fig. 1, X is the wavelength of the microwave along the

coaxial line). The bias-pulse slopes are steepened by an RC

network before being applied to the filter. At the entrance to

the filter, a disk resistor of a few ohms acts like an impedance

transformer and ensures that the diode is biased by a supply

source with small internal resistance. The bias-voltage pulses

are generated by an Hg-wetted-relay pulser involving a SO-Q

cable. The bias voltage and current are monitored at the en-

trance to the filter. The loosely coupled sliding probe is posi-

tioned in a slot, which is filled in by two sliding metal bars on

either side of the probe so that only a minimum of mode dis-

tortion is ensured.

The rise and decay times of oscillations are measured di-

rectly on a sampling oscilloscope (HP 141 A). In order to

establish the frequency responses of it above 10 GHz, this

was measured carefully by comparison with a power meter

The oscilloscope is triggerable up to 18 GHz, but around 15

GHz several resonances occur where the reflection coefficient

at the input is rather high. However, there were a few short

ranges of frequency where matching was observed to the SO-Q

line. A mismatch can distort the measured waveshape due to

multiple reflections. This can be partly overcome by high-

quality attenuators. However, it was decided to use only

those frequency ranges where matched conditions existed.

The width of such a frequency range had to be larger than the

inverse of the transient time of the microwaves.

In order to reduce the harmonic content of the output, the

diode was positioned in the cavity in such a manner that the

first harmonic coupling coefficient between the diode and cav-

ity was small, i.e., the first and other uneven harmonic fre-

quencies could no longer experience any useful negative con-

ductance. This is possible by placing the diode along the coax-

ial line such that the diode impedance can be matched to the

transmission-line impedance at the fundamental, but not at

the first and other odd harmonic frequencies, Ideally, by

placing the diode 3/8hl, where Xl is the wavelength of the

fundamental frequency, away from the shortened end of the

kl/2 cavity, the diode experiences a reasonable circuit im-

pedance at the fundamental frequency, whereas at the first

harmonic it sees an impedance of infinite value. Some experi-

mental observations made by varying the position of the

diode tend to confirm this consideration.

Strong coupling is arranged between the load and cavity

so that Qz is small for the fundamental frequency and the

transient times are long. This can, unfortunately, aid the har-

monic-frequency buildup, and some compromise has to be

made.

For the evaluation of the transient function ZJOby (7), the

parameters n, Q,x, and QL have to be determined; gz is known,

as it is the SO-Q characteristic impedance of the matched

transmission line connected to probe 2.: QJ is obtained by mea-

suring the transmission characteristics of the cavity across the

two probes when the diode is replaced by a corresponding

piece of metal. This technique assumes that probe 1 is very

loosely coupled so that only probe 21 affects the frequency

response of the transmission characteristic. From the half-

power width of the frequency characteristic of the transmis-

sion, QL can be derived. Qex is found b~ measuring the locking

range of the oscillator to an external s~gnal; n is found as fol-

lows: gd is measured for steady -state~ conditions, when the

left-hand side of (7) is zero. Equatio~ (7) can then be em-

ployed to find n. The steady-state determination of g~ cannot

be carried out by careful recording of fhe shape of the stand-

ing-wave pattern near the diode in th~ A/2 cavity and subse-

quent derivation of the device’s impedance, as the ‘(near

field” of the active device distorts the Standing-wave pattern.
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Instead, the following method is used: the real part RL of the

impedance of the loading probe to the cavity was expressed in

terms of Qz and the characteristic impedance of the coaxial

line of the cavity by assuming that the cavity losses are in-

cluded in the load RL and that the standing-wave pattern of

X/2 is approximately of the same length as the cavity. The

position of the maximum of the standing-wave pattern in the

cavity is then measured very carefully. The distance from the

short-circuited end of the cavity (opposite the filter termina-

tion) to this maximum gives the imaginary part of the loading

impedance [caused by probe 2; see Fig. 1(a)] by using a Smith

chart for the SO-Q characteristic impedances of the resonator

line, The distance from this end of the cavity tc] the position

of the diode can then be employed to transform this load im-

pedance to the reference plane of the diode, algain using a

Smith chart. The encapsulated-diode impedance then has the

negative value of the transformed impedance. This method

avoids the difficulty with the near field, as no measurements

have to be made where the near field exists. Rather, the im-

pedance is determined by a measurement of Qz and of the

position of the field maximum where the near field is small.

The active-device conductance is finally derived by taking the

equivalent circuit of the S4 package into account [3]. An esti-

mate of the accuracy of this steady-state g~ measurement gives

about t 20 percent. It is pointed out here, however, that the

basic details of the shape of the gd(flac) characteristics are not

influenced by any error of the steady-state gd value which af-

fects only the level of the conductance function.

Another method of finding l/n2Q,x with (7) is based on the

use of the decay of VOfor the bias-voltage termination. Then

gd is the low-field microwave conductance of the diode (which

can be approximated by the low-field dc resistance Ro). It is

essential here to use the trail of the decay transient in order to

avoid any large-signal effects of the zero-biased diode. The

results thus obtained agree to within about +20 percent with

those of the above methods of determining n and Q,. sep-

aratel y.

The output amplitude VOis recorded by the sampling oscil-

loscope connected to a good X– 1’ plotter. Using (7) and the

measured value of n, g~(va,) is found. Extreme care is required

in order to avoid any distortion of vO, as this would falsify the

results. In particular, the following precautions are therefore

taken.

The applied bias pulse is made to be as smooth as possible

while maintaining short rise times. In order to match the diode

to the bias supply, an impedance-transforming disk resistor

of 10 Q at the entrance to the filter [see Fig. 1(a)] is given

approximately the same value as the diode low-field resis-

tance. Similarly, any mismatch between the output probe

[either probe 1 or 2 of Fig. l(a)] and the input to the sampler

distorts VOdue to multiple reflections. Omni-spectra miniature

(OSM) attenuators have not been found entirely satisfactory

here and HP APC7 fixed attenuators with a rated bandwidth

up to 18 GHz are used. All connectors and adaptors used are

checked by using time-domain reflectometry. The accuracy

for small v,C values is poorer, as the derivation of (1/u~) (dzI~/df)

amplifies, than any error that might be present.

IV. EXPERIMENTAL RESULTS

Numerous diodes of different manufacturers were investi-

gated. A selection of typical results is shown in Figs. 3-6. All

diodes have an active-layer length 1z%1O pm, n= 1015 cm–3,

and a flat conductivity profile.

Fig. 3 shows that ] – gd \ is roughly inversely proportional
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Fig. 3. g~(&J for a GaAs Gurm diode with metal alloyed cathode (low-
field resistance of diode IGI = 9.2 Q, operating frequency fo = 10.5 GHz,
device capacitance at VB = 14 V—O. 35 PF). The insert shows the dc
current Id. (upper trace) and the RF voltage VOas a function of bias
voltage VB.

to V.O. This diode has a large I – gd I at small vac and exhibits

correspondingly a fast switch-on time. It would be suitable

for applications where fast switching is essential. The effi-

ciency and steady-state v.. are not very high as I – gd I falls off

rapidly with v~~; I -g~l does not increase appreciably with

bias voltage VB, except where a second peak occurs above

VB = 12 V for v.. = 7 V. This peak is representative of a dif-

ferent space-charge mode occurring in the diode, as also

shown by the fact that the dc current drop for transferred-

electron oscillations is decreased (see the upper trace of the

insert in Fig. 3 for VB>12V) andtheRFoutputamplitude
VOis affected (see the lower trace of the insert in Fig. 3). If a

load conductance is sufficiently high, two stable operating

points can then be obtained, where the operation at the

higher Vm values is only possible by applying for a short

period an external signal which brings vm above 8 V.

Fig. 4 shows, on the contrary, an almost constant

I ‘gd(~~~)l relation. As the I – gd I values are small for small

we values, slow switch-on processes are found. This can be

shortened considerably, effectively increasing the negative

conductance, by injecting an external signal as shown in Sec-

tion V. The dc current drop for this particular space-charge

mode is small, as shown by the upper trace of the insert in

Fig. 4. An increase in the bias voltage can result in a large

increase in vO. Both the efficiency and output power are high.

Fig. 5 shows an intermediate case. Here, a metal cathode

produces results similar to those of the n+ cathode of Fig. 4.

Fig. 3 and 5 demonstrate that metal cathodes can either result

in fast or slow switch-on speeds. From this point of view,

metal cathodes can be equivalent to n+ cathodes. There are,

of course, other aspects of device behavior, such as noise and

lifetime, when n+ cathodes might be superior.
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Fig. 4. gd(vac) for a GaAs diode with n+ cathode (RO=5.5 Q, fO=9.7
GHz, device capacitance at VB=14 V–1.06 PF). The insert shows
~d. and2Joas a function of VB.
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Fig.5. g~(o.c) fora GaAsdiode with metal alloyed cathode (Ro=l2.7O,

~o = 10.45 GHz, device capacitance at ~B=14 V—O.30 PF). The insert
shows Idcand VOversus VII.

Regarding the InP diodes investigated, only metal cath-

odes are available. The two types of cathodes available basi-

cally exhibit a similar behavior as found with GaAs–metal

cathodes, namely, either fast or slow switch-on speeds. The

S1OW case is given with evaporated AgSn electrodes. These

devices generally operate at -1 band. There is no sharp drop in

bias–current–voltage characteristics. Two different space-

charge modes are observed by altering the bias voltage. The

two modes show different delay characteristics.

on the other hand, Sn dot cathodes on InP show a very

fast rise time in both the X and J band and a clear current

drop. The rise times of these diodes were so short that special

precautions had to be taken, such as severe loading, in order

to justify the assumptions involved with (7). Fig. 6 shows the

corresponding negative conductance versus v... It is seen that

the values of I – g~ I for small v.. are extremely large. The

L
10 20

Vac (“.1!)

Fig. 6, g~(%) for InP diode with Sn dot cathode (Ro = 10$2, threshold
vOltage—20 V, operating voltage—30 V, efficiency-2 percent, fo

= 15.82 GHz).

frequency change of this particular diode for the bias-voltage

range of 20–35 V is only about 150 MHz, and is indeed small

for the frequency of oscillation.

V. EFFECTIVE INCREASE IN NEGATIVE CONDUCTANCE

BY INJECTION LOCI<ING

It is known that an external signal applied to the diode

during switch-on shortens the switching time. When this

phenomenon is considered in terms of the effect on the gd(%o)
function, the experimental details of locking for individual

diodes can be easily understood.

The circuit equation for a parallel resonant oscillator can

be expressed as follows (also see [4]):

dvac 1
c ~ + (gl – g.)% + ~ sZJ=Gd=i(t)(8)

where i(t) is the injection signal; C and L are the effective

oscillator capacitance and inductance, respectively; and V*O

is the RF voltage. In the transient case and with i(t) #O, the

amplitude and phase of vat(t) are time dependent. By assum-

ing that the resonator Q is large, u..(t) is nearly sinusoidal

with slowly varying amplitude and phase. Expressing u,.(t)

by a Taylor-series expansion and neglecting higher order

terms, we can integrate (8) over the fundamental period. This

leads to two equations: one for the amplitude rJl(t) of the

fundamental of us. and the other for the phase @(t) of o,. As-

suming that the injected signal has the same frequency as the

resonance of the circuit, one finds from the equation for UI(t)

the relation

1 dvl
— — J (gl% – gd–

V, Z=2C
gi COS ~) (9)

where gl* is the load conductance applied to the device, c is

the resonator capacitance, g~ is the effective conductance of

the injected signal, g~ is the negative conductance of the de-

vice, and T is the phase difference between the injected signal

and the oscillation voltage; g; is given by the amplitude ratio

of the injection current to the oscillation voltage: g;= iO/VI.

Equation (9) shows, therefore, that the injection signal has the

effect of increasing the negative conductance of the device,

thus decreasin~ the switch-on time. This would. however.
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Fig. 7. Injection level versus resulting switch-on delay time of a GaAs
diode for an external signal applied at the same frequency as the circuit
resonance (V,., istheinjection-voltage amplitude across the 50-~line
leading to probe 2 of Fig. 1; V~.t is the steady-state output voltage
from probe 2).
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Fig, 8. Switch-on transient for different injection
voltages Vi[jj for a GaAs diode

only have a strong effect for those ranges where g. is smaller

or of the same order of magnitude as g~ cos -y.

Fig. 7 shows the experimental results for a diode with a

large delay time (i.e., characteristics similar to thatof Fig. 5)

which is shortened considerably by an injection signal. A

diode with a characteristic of Fig. 3 could, on the other hand,

hardly show anyincrease in switching speed. Fig. 8 shows the

transient functions for three different injection levels when

using thesame diode as for Fig. 7. Onecan see that the delay

time is reduced by the injected signal, but that the growth

rate is practically unchanged This shows that the effect of the

injection signal is most pronounced for small v,C ranges if

diodes are employed which have a bell-shaped g~(uac) function

with small values near the origin.

VI. COMPUTER SIMULATION AND EVALUATION OF RESULTS

By computing @(&) for diodes with various doping and

mobility profiles, it is hoped that a correlation between experi-

mental and theoretical results will be found. This could then

be used, first, to establish the profiles (and thus the fabrica-

tion processes) required for a given device application, and,

second, to lead to a method of estimating the actual profiles

of given diodes.

Two types of circuits are used, namely, a lumped and a

distributed circuit (see Fig. 9). The latter one includes addi-

tional reactance in order to simulate the device’s “cold”

Fig. 9. Distributed circuit used for computation. L and C represent the
reactance of the package and the unbiased device.

capacitance and package. The bias-voltage step is given by a

cosine function, where the step time 1, has a realistic value of

typically 200 ps The details of the circuits are chosen so that

the harmonic frequencies of the bias-voltage step do not find

anv undesirable circuit resonance.

The diode is computed by solving the continuity equation

and Poisson’s equation, using a finite-difference method, with

suitable initial and boundary conditions. The terminal volt-

ages and currents of the device are determined by solving the

circuit equations. For the distributed circuit, the voltages and

currents of the forward- and backward-traveling waves are

found for a TEM wave reflected with a reflection coefficient

–ZO+RL
~ . ————

ZO + RL

at the end of the coaxial line, where ZO is the characteristic

impedance of the coaxial line and RL is the load resistance as

given by probe 2 of Fig. 1 and the losses of the cavity. The

program takes into account the convergence requirements

which are determined by the diffusion coefficient and the time

and space increments At and Ax, respectively. The latter ones

were chosen to be Ax= 0.1 pm and At= 0.1 ps.

The doping density is 10’6 cm–’ in the anode and cathode

electrodes and reduces over a distance of 1 pm to 1015 cm–$,

which is the doping level of an active distance of 10 pm. The

low-field mobility in the contact areas is sometimes less than

4000 cm2/V os (indicated with results), from where it linearly

increases over a distance varying from 1 to 4 ~m to 8000

cmz/V. s, which is the mobilitv of the active layer. The change,,
over for the mobility and the doping density is not necessarily

of the same length or at exactly the same position. The com-

putation is one dimensional, but for the determination of the

terminal currents a cross-sectional surface of 10–s mz is taken.

A doping notch of 0.8-pm length is sometimes incorporated in

front of the cathode. This is indicated with the results. An

instantaneous velocity versus field relation is employed, where

the threshold field and the constant high-field saturation

velocity of 105 m)s is assumed to be independent of low-field

mobility. The diffusion constant is kept constant with D = 0.02

m2/s, except where otherwise stated.

The program yields the device’s voltage and current, as

well as the electric field distribution in the active layer, i.e.,

the space-charge mode. The device’s current and voltage are

then Fourier analyzed up to the third harmonic, and the

equivalent conductance and susceptance are obtained for

each frequency as a function of v.,.

The function g~(v..) derived for diodes with a doping notch

and with low-field nobilities of 8000 cmz/V -s across both

electrodes and the active layer is shown in Fig. 10 for three

bias voltages. The negative conductance is very large for

small v2C and resembles the experimental results of Sri-dot

InP diodes (Fig. 6). v.. increases to a value which covers al-
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most the entire bias-voltage range. Fig. 10 also includes two

points for a diode without a doping notch. These show that

] –g~l at u~~= 2 V has decreased for VB =9 V from 40 to 10

mfkl and for VB = 4 V from 20 to 2 mfl-l. Additionally, there

is one point for a series resistance Rs = 1 Q to the device, which

causes I -g~l to drop at v.C= 2 V from 50 to 20 m~’. The

results of Fig. 10 with a doping notch are for an operation re-

sembling the delayed-dipole domain mode.

For uniformly doped samples and constant nobilities, the

initial mode of the switch-on transient is a traveling accumu-

lation mode, operating over a few cycles. Subsequently, an

additional stationary accumulation layer establishes itself

near the anode. This reduces the traveling accumulation layer

in amplitude. The traveling accumulation layer is able to pro-

duce a fast growth rate if the bias-voltage step is comparable

or shorter than t,= 100 ps. Unfortunately, this condition is

difficult to achieve experimentally. A computation for the

circuit of Fig. 1(a) shows that the shortest bias-voltage step

experienced by the diode with the filter and resonator used is

only slightly less than t,= 500 ps [also see the experimental re-

sults of Fig. 1 (b)]. Therefore, in reality the growth rates will

normallv be rather too slow for this switch-on mode to occur.

In order to demonstrate better the size of the voltage

swing v~~with respect to the bias voltage for the space-charge

mode present in the diode, Fig. 10 is redrawn in normalized

form (see Fig. 11). Note that for a small %. (VW< VB – Vth,

with V~h the threshold voltage for the TEO effect), a delayed

o I 2 3

~.kyd p+ m~~?e q~~~ (*)

Fig. 11. Information ~f Fig. 10 in normalized form to demonstrate the
large values of v- with respect to VB. A delayed dipole mode is shown
for v~/ ( VB – Vth) <1 and wenched dkrO~e mOde fOr UIC/( J’B –

Vth) >1.
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Fig. 12. Current and voltage transients for the linear low-field mobility
decrease from 8000 to 4000 cm2/V. s taking place over a distance 1.
in front of the cathode and over a distance L in front of the anode
(numbers refer to curves of Fig. 13; t, is the transient time of VEJ.

dipole-domain mode is possible and shows a very large nega-

tive conductance. This may cause some difficulty in stabilizing

such a diode for the operation as an amplifier.

Computations with a profile of reduced low-field nobilities

inside the contacts and with the absence of a doping notch pro-

duce the following results. If a reduced mobility creates a low-

field increase in front of the cathode, dipole domains are nu-

cleated. Widening the reduced-mobility region near the anode

and shortening it near the cathode causes a stationary high-

field region to be established near the anode. This absorbs

most of the traveling domain, which is partly dipole and

partly accumulation layer. Fig. 12 shows the corresponding

current and voltage function across the diode, whereas Fig. 13

shows the field profile along the diode for eight representative

points of the switch-on transient. First, the formation of a

stationary accumulation layer occurs as shown by curves

@@of Fig. 13. This is not associated with a noticeable reduc-

tion of microwave current for increasing voItage (see cor-



HARTNAGEL AND KAWASHIMA: NEGATIVE TEO–DIODE CONDUCTANCE 475

., -2a-&,u---------- -, —.—, — ___

dt~.ee

Fig. 13. Field profile along the diode of Fig. 12witha mobifity profile foreight points intimeas defined by Fig. 12
(E—field, E,—threshold field for the TE effect).

responding points @@on Fig. 12). It illustrates that thesta-

tionary accumulation layer does not contribute very much to

the device’s negative conductance. The subsequently formed

traveling accumulation domain (curves @--@ in Figure 13),

causes a large drop in current (see points G–o on Fig. 12),

which primarily forms the negative conductance. The reduc-

tion in ~dc for this example above threshold is small, and is

therefore analogous to the experimental results of Fig. 4.

In order to establish the amplitude of u., for a stationary

domain only, i.e., its contribution to the negative conductance,

the diode of Fig. 12 was given a length 1, of linear mobility

decrease near the cathode of only 1 pm. The device’s terminal

current then had only an amplitude of 1.5 percent of the dc

current, which is very small indeed. If the diode of Fig. 12 is

additionally equipped with a doping notch near the cathode,

a strong dipole domain is formed which dominates and pre-

vents the stationary domain reaching any appreciable size

(see Fig. 14). The current-voltage amplitude is then larger

(see Fig. 15), except for the first cycle, where ~B had not yet

reached its full value.

If the diffusion coefficient D is increased from~ 0.02 to 0.04

m2/s in the sample of Fig. 12, the nucleation of a dipole do-

main is entirely suppressed, and only a stationary accumula-

tion layer exists near the anode. The resulting negative con-

ductance is then very small. During the transient time, a

temporary occurrence of a large-signal switching mode is

sometimes found, which is followed by the low-conductance

mode.

These computational results can be summarized as fol-

lows. A reduced-mobility region near the anode or an increased

diffusion constant decreases I – gd I , whereas a reduced mobil-

ity region near the cathode or a doping notch increases I – gd 1.

Finally, it should be mentioned briefly that with our com-

putations, an improvement in switching speed is found to be

possible by carefully selecting suitable harmonic resonances

of the circuit.

VII. CONCLUSIONS

Measurements of the negative conductance versus micro-

wave voltage across Gunn devices by slow transients in a

specially designed circuit yield experimental dletails which

cannot be obtained satisfactorily by any other method. In

particular, the positive slopes of the I g~(v.J \ function can be

determined, which are essential for a treatment of transient

phenomena with the active device represented by an equiva-

lent circuit of lumped elements.

A systematic experimental investigation of Gunn diodes

of numerous manufacturers, both with GaAs and InP, have

exhibited fundamental differences in gd behavior. One type of

result shows large I gd \ for small v.C with a rapid decrease of

I gdl for increasing V.C. These devices are suitable for fast

switching operation. Computer simulation has shown that

they can be associated with dipole domains due to the exis-

tence of a low-field mobility decrease or a doping notch near

the cathode. Another type of g~(u,.) function shows a small

I g,l for small %.. This increases to quite high values for in-

creased v=C before it finally decreases. One has devices suitable

for high efficiencies and large output powers, but slow

transients.

Computationally, the effects of doping and mobility pro-

files and of the diffusion constant on the gd(%c) function are

studied, and a correlation between experimental and theoreti-

cal data is attempted. This method can be employed by com-

paring experimental and computational behavior to establish

the space-charge mode operating in a device. This then results

in a selection of the fabrication process giving the doping and

mobility profile required for optimum operation of a particu-

lar application.

It is shown how injection of an external signal increases the

overall effective negative conductance for small v,C ranges

onlY, as the contribution to the negative conductance made

by the injection signal is inversely proportional to v,C. The

switching behavior of diodes with different types of gd charac-

teristics under the influence of a locking signal is studied ex-

perimentally and can be explained in terms of the resulting

effective conductance.

APPENDIX

ASSESSMENT OF FREQUENCY CHANGE DURING TRANSIENT

An important assumption of the experimental method

described here is that the frequency remains approximately

constant during the transient times [see (1), for example].

However, the device’s RF capacitance can be expected to be
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Fig. 14. Field profile for diode of Fig. 12 with mobility profdea nddopingnotch
(E—field, E,—threshold field for the TE effect).
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Fig. 15. Current–voltage transient of Fig. 14.

Fig. 16. Estimate of frequency change during transient byself-correla-
tion technique. TOp:SUm ASJOOfincident andhalf-period delayed out-
putsignal during transient versus time. Bottom: output signal during
transient versus time (vertical scales are arbitrary units). Time:
2 ns/div.

space-charge mode dependent, and thus also a function of the

bias voltage. Any change in RF capacitance causes some

operating frequency change. Fortunately, the equivalent in-

ductance given by the shortened coaxial line also changes with

frequency, and this can be made to counteract, to some ex-

tent, the frequency change due to the device reactance. To

show this, the resulting frequency deviation for our experi-

mental system is computed for a typical diode capacitance of

0.5 pF and for an increase in diode capacitance of 0.2 pF; a

decrease in frequency of on] y 1.8 percent was ,found.

A direct measurement of the frequency shift during the

buildup process has to be undertaken for each diode under

investigation, and the following correlation technique has

been used. As shown by Fig. 1, the output probe 1 is connected

to a short coaxial line which is terminated by a short-circuit

plunger. This plunger is adjusted so that the observed signal

Avo at the entrance to the coaxial line at steady state is mini-

mized. This means that the wave reflected by the short can-

cels the incoming wave because the return path delay is of

half the period, or an odd multiple of this. Au. is then recorded

for the transient by the sampling oscilloscope and the graph

plotter. Fig. 16, top trace, is an example of the resulting wave

function, which is caused by both the change in voltage ampli-

tude and by any change in frequency.

A separate measurement (see Fig. 16, bottom trace)

records the change in voltage amplitude directly, from which

a function AW is derived. Thus the derived Avo is compared

with the measured Avo and any difference must be due to a

change in frequency during transient. In our case, the mea-

sured value of Avo is always the same as the derived Avo,
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An Experimental Study of Stabilized Transferred-

Electron Amplifiers

ASHOK K. TALWAR AND WALTER R. CURTICE

Abstract—Experimental data are presented to de~scribe various

characteristics of stabilized transferred-electron amplifiers. The ef-
fect of bias voltage upon RF gain and linearity is shown. The condi-

tions under which gain expansion is observed are described, and the

importance of lattice temperature and RF signal strength in deter-
mining dc current is shown. All results are shown to be in good agree-
ment with the large-signal theory for these amplifiers.

INTRODUCTION

s

TABILIZED transferred-electron devices have been

shown to be useful in obtaining broad bandwidth ampli-

fication at microwave frequencies [1], [2]. The devices

and amplifiers are stable in the sense that RF oscillation does

not occur when the input signal is removed. The observation

of gain expansion [3] and unstable operation at certain values

of bias voltage [1] have now been explained by a detailed

large-signal analysis presented by Talwar [4] and Talwar and

Curtice [5]. This paper summarizes the results of an experi-

mental investigation of these effects and other experimental

properties. It is shown that all properties are in agreement

with the large-signal theory.

The method of theoretical analysis and some calculated

characteristics of stabilized TE devices were presented by

Talwar and Curtice [6] in 1971. It is assumed that the in-

creased lattice temperature present in CW devices permits a

stable electric field configuration to exist in the absence of

external RF signals. Assuming specific external ac and dc

current excitation, a set of one-dimensional large-signal dif-
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Fig. 1. Schematic diagram of the circuit used for the
experimental study of stabilized TE amplifiers.

ferential equations is solved, progressing from the cathode

contact. The effects of field-dependent diffusion are included

as correction terms. only dc and fundamental frequency RF

electric fields are assumed to be important, whereas the ef-

fects of current harmonics are included. By integration of the

electric field quantities over the total length of the device, the

dc operating voltage and the RF impedance are obtained. The

behavior of dc and RF impedance as functions of device

parameters (including lattice temperature), operating bias,

RF signal level, and RF signal frequency has been studied

[4].

A. Description of the Circuit and the GaAs Diodes Used for the

Experimental Study

A schematic diagram of the circuit used for most of the

tests is shown in Fig. 1. The device is mounted in series with


