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Millimeter Wave Diodes for Harmonic

Power Generation

L. E. DICI<ENS, MEMBER, IEEE

Abstracf-A discussion of the application of point contact, elec-

trically formed semiconductor junctions to harmonic generating applica-

tions is presented. Three different combinations of materials are con-

sidered. First, the more popular phosphor-bronze point on gallium

arsenide combination is discussed. Results with this material combination

when used as ruiUimeter wave multipliers are given as a reference point.

The combination n-GaAs/Cu is then examined. The slope parameter of

these diodes shows that the junction is very close to that of a Schottky

barrier. The conversion efficiency measured for these diodes shows a

2 to 4 dB improvement over the rz-GaAs/P-Br diodes. The third combi-

nation, and by far the most efficient, was the n-GaAs/Zu diode. These

are true p-n junctions (as opposed to Schottky barriers) and have mea-

sured zero bias cutoff frequencies on the order of 1000 GHz. The effi-

ciency realized with these diodes in doubling from 70 GHx to 140 GHz

typically ranged from 20 perceut to 30 percent. The highest output power

at 140 GHz that was measured was 16 milliwatts.

INTRODUCTION

F

OR MANY YEARS varactor diodes, which are noth-

ing more than reverse-biased p-n junction diodes [1],

have been used to obtain microwave RF energy by har-

monic multiplication from some lower radio frequency

power source. Theory predicts [2] that a varactor pumped at

some fundamental frequency can produce an output at any

desired harmonic with 100 percent efficiency. In practice,

however, the conversion efficiency deereases very quickly

with increasing fundamental frequency and desired harmonic

number.

The results which have been obtained to date are actually

quite impressive for the frequency range up to and includ-

ing X band. One supplier reports [3] a 1 to 4 GHz quadru-

ple with two watts input power and a conversion efficiency

of 45 percent minimum, or a 4 to 12 GHz tripler with one

watt input power and a conversion efficiency of 30 percent.

Another company has reported [4] a device which triples

from 11.6 to 34.8 GHz with 0.172 watts input power and an

output power of 0.100 watts for a conversion efficiency of

58 percent, or 2.3 dB loss. Recently, an output of 2 mW at
60 GHz has been reported [5] for a tripler from 20 GHz hav-

ing an efficiency of 2.5 percent. Very little else has been pub-
lished on varactors applied as harmonic generators for out-

put frequencies in excess of 35 GHz. The frequency cutoff of

the commercially available varactor diodes is just too low

for efficient operation any further into the millimeter wave

region.

Manuscript received April 4, 1966; revised August 26, 1966. The
work reported in this paper was supported by NASA Headquarters
(OSSA) under Contract NASW-1OOO and USAECOM, Ft. Monmouth,
N. J., under Contract DA 36-039-AMC-02347(E).

The author is with the Advanced Tcehnology Corporation, Timo-
nium, Md.

40-

36 x= MEASURED POINTS
QUINTUPLE

G
Z 32 - /

~ 28 -

0 ‘UADR”Y
J 24

g 20-
~/

TRIPLER

E
C
w 16

DOUBLER
L ~G af’

z 12.
0
u

10 20 30 50 To 100 200 300 500 8001000

HARMONIC FREQUENCY (GHz)

Fig. 1. Harmonic generation conversion loss.

The original development of harmonic generators with

millimeter wave output frequencies used the point contact

diode as a nonlinear variable resistance element rather then

as a variable reactance. Therefore, the devices were limited

to a maximum conversion efficiency [6] of l/nZ for generat-

ing the nth harmonic. This number was reduced further by

the circuit losses and the diode parasitic losses. For compari-

son purposes, Fig. 1 presents a general summary [7] of typ-

ical conversion losses achieved by ADTEC with variable
resistance diode harmonic generation techniques. For all

cases these were gallium arsenide devices with electrically

“formed” junctions.

POINT CONTACT RECTIFIERS

It has been known for some time that point contact recti-

fiers, be they p-n junctions, Schottky barrier junctions, or

some intermediate type, have a sharp voltage-dependent

junction capacitance [8]. When these junctions are reverse

biased they can be characterized in the same manner as any

varactor diode. There has been initiated at this laboratory a

program to determine more preeisely the nature of the junc-

tion being used so successfully throughout the millimeter

wave range as a mixer and as a variable resistance harmonic

generator; and to determine, if possible, what modifications
in the selection of materials or in the junction forming tech-

nique might allow the maximizing of the efficiency and/or
power handling capability of the junctions as they may apply

to the variable reactance form of harmonic power genera-

tion.

All of the sharply breaking I-V curves which have been

formed by electrically pulsing the junction with the 60 Hz

sweep voltage have followed closely the equation [8]

{[
If = I. exp 1)~ (v,–IfR,)– 1 . (1)

qlcT

Here 1, is the forward current, 1. is the saturation current, q

is the electronic charge, k is Boltzmann’s constant, T is the
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Fig. 2. Voltage-current characteristics of two different, but typical,
point contact n-GaAs (p= .015 fi-cm) phosphor-bronze diodes.
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Fig. 3. Voltage-current characteristics of two different, but typical,
point contact n-GaAs (p= .015 Q-cm) copper diodes.
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absolute junction temperature, Vf is the forward (applied)

voltage and R, is the junction spreading resistance. The

quantity T is a slope parameter which, for the diodes mea-

sured, had values between 1.2 and 1.4. lf the junctions were

primarily p-n junctions, then the expected value of TIwould

be about 2.0 [9]. If the junctions were ideal Schottky barrier

junctions, then ~ would be equal to 1.0 [10].

The first combination of materials examined was n-GaAs

semiconductor with a phosphor-bronze (P-Br) pointed con-

tact. This combination has received the most publicity [7],

[11 ]-[13] and is the one most commonly employed in mil-

limeter wave mixers made from GaAs. Figure 2 shows two

typical voltage-current characteristics obtained for GaAs of

resistivity p= 0.015 fl-cm. The junction is formed by elec-

trically overloading the junction with the 60 Hz sweep signal

of the I-V curve tracer. The results of Fig. 1 were obtained

with diodes typified by the I-V characteristics of Fig. 2. As

the slope parameter (~) is on the order of 1.3 to 1.4 for the

n-GaAs/P-Br rectifying contact, it would appear that this

rectifying contact is predominantly a majority carrier recti-

fier of the Schottky type. However, the static characteristics

of these diodes are not as close to the ideal Schottky charac-

teristic as those reported by Kahng [14]. Kahng reported an

q of the order of 1.01 to 1.025 for large area rz-GaAs/Au

diodes.

In an effort to improve the slope parameter and thereby

improve the millimeter wave operation of the devices, pure

copper was substituted for the phosphor-bronze. It is be-

lieved that, during the forming operation, the contact sur-

faces of the phosphor-bronze and GaAs are raised to such a

temperature that an intimate, metal-semiconductor inter-

face is obtained. This may or may not be attendant with a

diffusion of copper [12] from the wire point into the GaAs.

The diffusion of copper into the GaAs is not necessary for

the formation of the Schottky barrier, since only a true

metal-semiconductor interface is needed. In fact, a diffusion

of the copper may tend to grade the junction giving less than

the extremely abrupt-junction desired. In addition, P-Br is

made up of 95 percent Cu+ 5 percent Sn. Tin (Sri) is a very

active donor in GaAs, and a small amount of tin diffusion

at the time of forming may also grade the junction and cause

an increase in the measured slope parameter. Figure 3 shows

two typical voltage-current characteristic curves obtained

for GaAs (p= 0.015 Q-cm) with pure copper wire point.

Again the junction was formed by electrical pulsing while

the I-V curve is being displayed. While the slope parameter

for the P-Br units typically stayed in the range 1.3 to 1.4, ~

for the copper bonded units rarely deviated from 1.2

(1.19 <q<l.21).

As a harmonic generator, the improvement resulting from

the use of Cu contacts was readily seen. Specifically, in the

70 GHz to 140 GHz doubler, an improvement in conversion

efficiency of 2 to 4 dB was obtained over that data shown in

Fig. 1. The best conversion efficiency measured for the cop-

per-bonded diodes was 8.8 dB. The power handling capa-

bility was quite similar to that of the variable resistance de-
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vices of Fig. 1 in that the junction would not yield appreci-

ably more than 1 mW of 140 GHz power.

Some few rz-GaAs/Cu junctions have been tested as funda-

mental mixers. The conversion loss of these units was mea-

sured and found to be in the range of 5 to 7 dB in convert-

ing a 94 GHz signal to a 2 GHz intermediate frequency sig-

nal.

Some analytical justification of the above noted results

may be made which then can lead one in the direction of im-

provement. The following calculations are applicable to

either the n-GaAs/P-Br devices or the n-GaAs/Cu devices

as both had the same basic crystal material. The resistivity of

the bulk material used was 0.015 ohm-cm. The spreading re-

sistances, as interpreted from the measured I-V curves,

ranged from 40 ohms to 180 ohms with an average figure of

about 70 ohms. The reverse breakdown voltage (measured

at the 10 micro-ampere conduction point) was 6 to 8 volts.

For a uniformly doped semiconductor, the barrier capaci-

tance of an abrupt junction (ideal step junction) depends on

the reverse voltage in accordance with the well known equa-

tion [10]

c

()

aIN 1/2

z= K
(2)

where C is the capacitance, A the junction area, c the permit-

tivity, N the donor concentration, and VT the total voltage

across the junction including the diffusion voltage, V~

(i.e., VT= V~ – V). The spreading resistance R, can be

given as

(3)

where p is the semiconductor resistivity and a is the effective

radius of the point contact.

Using a resistivity value of 0.015 ohm-cm and an R, of

70 ohms, (2) and (3) allow an estimate for the junction ca-

pacitance of approximately 0.002 pF. The cutoff frequency

&=(27rR.@’, is calculated to be 1140 GHz at zero bias.

This is truly a very high cutoff diode and, according to pres-

ently accepted varactor theory, [15], [16] should yield a

conversion efficiency (say for a doubler to 140 GHz) of

about 80 percent for a conversion loss of 1.0 dB. However,

this does not seem to fit the data as shown in Fig. l.l Of

course, circuit losses and reflection (mismatch) losses may

contribute in a large way to the total loss, but also the phos-

phor-bronze whisker can exert a rather large stress on the

very small point contact. The effect of a large stress applied

to a small area junction is to cause the “ideal” current

through the small area to increase [17]. For high stress levels

the current through the stressed area can become much

1This might be an unfair comparison, as the data of Fig. 1 repre-
sents diodes operating in the variable resistance mode. However, it has
been determined for this class of diodes that the variable resistance
mode was indeed more efficient than the variable reactance mode.

larger than that through the unstressed area, hence the total

diode current is essentially that flowing in the stressed area.

There is, then, a very real possibility that the stressed area

(the effective area of the subject diode) maybe only 20 per-

cent of the total area. This could mean that now an effective

shunting capacitance of 0.008 pF must be considered. The

effective cutoff frequency is now only 220 GHz and the cal-

culated conversion loss jumps to a figure of the same order

of magnitude as has been measured, about 6 dB, as a result

of the parasitic capacitance of 0.008 pF.

The figure of 1.0 dB conversion loss is idealistic only in the

sense that it represents the minimum possible losses of the

model junction in an ideal (lossless) circuit.

A further point that should be noted; namely, that the

active junction variable capacitance of 0,002 pF represents

in itself a limit in power handling capability. It can be

shown [18 ] that, to a good approximation, the maximum

input power Z’i. which can be efficiently transformed to har-

monic power can be given, for the abrupt junction, by the

equation

-Pin = 0.2jlC~(V~ – V~)2 (4)

where ~1 is the input frequency, cb is the active junction ca-

pacitance at the breakdown point, and vb is the breakdown

voltage. This can also be given in terms of the zero bias ca-

pacitance C, and the breakdown and diffusion voltages by

Pin = 0.2jlC0(V~ – Vb)312(V~)‘Iz. (5)

Using either (4) or (5) and a junction capacitance of 0.002

pF, the value of 0.45 mW is obtained for the maximum input

power. Even if the ideal conversion loss were realized, the

output power would be insufficient for an application in a

solid-state local oscillator. When the diode is overdriven this

power level may be increased by taking advantage of the

abrupt capacitance change between zero and the diffusion

voltage (VD).

Now if the junction area can be increased but at the same

time the parameters again be achieved as have been re-

ported, [12], [19], [20] then more reasonable power levels

may be attained. If R,= 18 ohms and Co= 0.01 pF, then

Pin= 2.2 mW and f.o= 870 GHz, which gives a doubler con-

version efficiency of about 74 percent or a loss of about 1.3

dB. If a junction capacity of 0.1 pF can be attained and R.
can be reduced to 3 ohms, then even with the fco at zero bias
dropping to 500 GHz, an efficiency of about 59 percent can

be calculated, which yields 12.7 mW of output power at

140 GHz.

EPITAXIAL p-n JUNCTIONS

Reduced R,, increased CO, and high fco is attainable

through the use of pulse formed p-n junctions. The junction

and the forming technique is that proposed by Burrus [20]

and consists of pulse forming junctions between an electro-

lytically pointed zinc (Zn) whisker and epitaxial r.z-GaAs. The

best results to date, in both power handling capability and
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efficiency, were obtained with GaAs that had a 4.0 p epi-

taxial layer thickness and a carrier concentration of 5.9 E16

donors/cc. The resistivity of the epitaxial layer was 0.0422

Q-cm and the substrate resistivity was 4.9 E–4 Q-cm. The

diodes made on this material had very sharp reverse break-

down voltages in the range of 16 to 19 volts. Junctions

which could be made to yield on the order of 7 dB conver-

sion efficiency (20 percent) with output power at 140 GHz of

better than 10 mW could be formed consistently and repro-

ducibly.

The diodes were initially characterized at low frequencies.

The capacitance measurements were made at a frequency of

1 MHz on a Boonton (Model 75B) capacitance bridge. The

majority of the zero bias capacitance values fell within the

range of 0.01 to 0.02 pF. The series resistance Rs was ob-

tained in two ways. First, the deviation from the straight line

plot of the lnlf vs. Vf was used to estimate R,; and secondly,

the slope of the 1-V curve measured in the vicinity of the

10 mA region was used as an estimate of R,. Relatively good

agreement was obtained between the two methods. The

values of R. fell within the range of 10 to 15 ohms. Using the

extremities of the grouping for R, and CO,the cutoff frequen-

cies are expected to range from 500 GHz to 1500 GHz at

zero bias.

Figure 4 presents the I-V characteristic of a typical varac-

tor diode of the n-GaAs/Zn type. The slope parameter of

1.85 corresponds to the value expected for a true p-n junc-

tion. The slope parameter was measured for about ten sepa-

rate junction samples. For all samples, q fell within the

range 1.8 to 2.0.

These varactor diodes were all formed in open, crossed

guide structures of the type previously used for variable re-

sistance multipliers [7]. The ADTEC M-9838 structure that

was used is shown pictorially in Fig. 5. The 0.005 inch thick

semiconductor wafer is mounted on a 0.020 inch diameter

pin which is inserted and adjusted in the RG-138/U guide

by use of the differential screw control. The zinc whisker is

mounted on a 0.020 inch diameter whisker carrier which is

inserted through the RG-98/U guide and is held in place by

the N connector seen in Fig. 5. The contact between the zinc

wire and GaAs wafer is made by adjustment of the differ-

ential screw, and the junction is pulse formed by pulsing

through the N connector. An E-H tuner is used to impedance

match the 70 GHz signal through the RG-98/U input to the

diode. A TRG bolometer is used to detect the 140 GHz out-

put. The bolometer was calibrated against a water calorim-

eter at a frequency of 140 GHz. The 70 GHz available power

was also measured by use of a water calorimeter.

Figure 6 presents the measured data for eight different

diodes. Curves A and B show the variation of conversion

loss with peak input power. Curve A is close to the average
for the number of diodes formed. Curve B shows a diode

with similar efficiency (about 20 percent) with a maximum

140 GHz output of 12 milliwatts of power. There are six

other points (marked by X’s) which represent the variations

that were obtained. The best efficiency of 5.4 dB (about 30
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Fig. 4, Voltage-current characteristics of a typical
point-contact n-GaAs/Zn varactor diode.

Fig. 5. M-9838 crossed guide varactor multiplier,
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percent) occurred with an output power of 11.5 milliwatts

and the highest power of 16 milliwatts was obtained with a

different diode at an efficiency of 20 percent. The input

power shown for each individual point, and the uppermost

input power for Curves A and B represent what appeared

to be the saturation power for that particular junction. That

is, for a small fractional increase in input power, complete

dynamic detuning appeared to result with a sharp loss in

output power.

Now the calculations previously made can be modified

slightly to see just how the above given data fit the predic-

tions. Using a breakdown voltage, ~B = 16 volts, a zero bias

junction capacitance of CO= 0.015 pF, an estimated maxi-

mum input power of 14 milliwatts is obtained. It has been

estimated by Morrison [18] that by slightly driving into the

forward region a factor of 3 to 5 times this input power may

be realized. Therefore it is expected that this small capaci-

tance of 0.015 pF can accept the level of power as shown in

Fig. 6. Using an R. of 10 ohms, and neglecting the fact that

this R, may vary with reverse bias, a zero bias& is esti-

mated to be about 1000 GHz. The doubler efficiency that

might be expected (assuming no other losses) would be 78

percent, or 1.1 dB loss. In the crossed waveguide structure

used, there was no reduction in height of either waveguide,

so a high VSWR existed between the diode and the E-H

tuner on the input side and most probably between the diode

and the load on the output side. The VSWR between the

E-H tuner and the diode on the input side was measured to

be between 10 to 1 and 16 to 1. Therefore it would not be

unreasonable to assume 1.5 dB loss for the RG-138/U
components (sliding short tuners, flange connections and a

section of waveguide) and on the order of 3 dB for the

E-H tuner, the 2 inches of resonant, RG-87/U waveguide,

and a sliding short. This may account for the losses shown

in Fig. 6. If this is correct, then by use of a suitable design

in reduced height waveguide the varactors herein discussed

should give even more output power at 140 GHz, or oper-

ate efficiency at even higher frequencies.

It is of interest to calculate the series equivalent input and

output resistances into which the guide impedance must

transform if one is to attain the quoted efficiencies. The input

resistance RiD and

are [16]

Rin =

TECHNIQUES

output resistance R..t for the doubler

R.., = Rs[l + (K,Q,)2]1/2, (6)

where Q1 is the quality factor at the dc bias point for the

input frequency. KI is the modulation factor; values for K1

are given in reference [16]. For the abrupt junction K1

=0.286. For CO= 0.015 pF, R,= 10 ohms, and an input fre-

quency of 70 GHz, Ql= 30. Using this data and (6) one

obtains Ri. = R.Ut= 86 ohms. This is a very low value of

resistance and may present quite a matching problem. To

match the relatively high waveguide impedance to such a low

value may require the use of a matching transformer which

(as noted above) could easily introduce more loss than the

diode multiplier itself.

CONCLUSIONS

On the basis of the above discussion, it is believed that

the use of varactor harmonic generators for the millimeter

wave ranges has been proved not only feasible but practical.

In particular, the construction of a 70 GHz to 140 GHz

doubler with an output of greater than 15 milliwatts has

been demonstrated. It is believed that there are yet several

ways of obtaining improvement in circuit efficiency and thus

obtaining overall multiplier efficiency much closer to the

expected diode efficiency. The application of presently well-

known techniques for making precision electroformed wave-

guides to the construction of the varactor diode mounts of

reduced height waveguide should provide much better im-

pedance matching to the diodes and should reduce the over-

all conversion loss. Crystal dimensions should be kept small

to minimize the skin-effect losses [21] in the semiconductor.

Also, the mount should be designed to minimize the inter-

action of the tuning and loading elements and hence the

losses that are always incurred when harmonic power can

propagate back to the source.
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A Nonreciprocal Circular Polarizer

M. ~. REUSS, JR., MEMBER, IEEE

Abstracf—A nonreciprocal circular polarizer has been developed.

This ferrite device converts linear polarization propagating in rectangular

wavegaide into circular polarization propagating in circular waveguide.

The sense, right- or left-hand, of the circular polarization is determined

by the direction of a longitudinal magnetic field applied to the ferrite. If

one sense of circular polarization, e.g., right-hand, is transmitted, then

only left-hand circnIar polarization can be received.

Performance data indicate good ellipticity with reasonable loss and

VSWR for two models of the circular polarizer, and for two devices—a

circulator and a nonreciprocal antema element—based on the polarizer.

The antenna element permits one antema to be used both to transmit and

to receive the reflected circularly polarized signals from a target.

INTRODUCTION

T

HE USE OF circular polarization at microwave fre-

quencies is dependent upon a device to convert the

wave produced by the signal source (klystron, magne-

tron, etc.) into a circularly polarized wave. Several tech-

niques are available which can be used to design reciprocal

transmission-line components that convert linear polariza-

tion into circular polarization. There are applications, how-

ever, in which it is desired that the component be nonrecipro-

cal. One application for such a polarizer is in a radar system

Manuscript received August 23, 1965; revised September 30, 1965.
The work reported here is an interim report on the NRL Problem
R08-36 prepared under BuShips Project SR 008-03-02-9637.

The author is with the U. S. Naval Research Laboratory, Washing-
ton, D. C.

where it is necessary to transmit one sense of circular

polarization and to receive the opposite sense of circular

polarization. Another application may be found in the con-

struction of a three-port circulator.

Recently, as the outgrowth of a ferrite phase-shifter study

by the author, a method for designing a nonreciprocal

polarizer was obtained. A section of rectangular waveguide

is joined to a section of circular waveguide in such a way that

the two have a common longitudinal axis. A ferrite rod of

suitable diameter and length is placed along the axis of the

rectangular waveguide, with one end protruding into the

circular waveguide. A longitudinal magnetic field of appro-

priate magnitude is then applied to the ferrite rod. If a

linearly polarized wave is introduced into the rectangular

waveguide, the wave transmitted into the circular waveguide

will be circularly polarized, the sense of polarization depend-

ing on the direction of the applied magnetic field. A circu-

larly polarized wave of the opposite sense can be transmitted

from the circular to the rectangular waveguide, where it is

converted to a linear polarized wave. However, a circularly

polarized wave of the same sense will be completely reflected

by the rectangular waveguide section. Two models of the

circular polarizer were investigated, and the data obtained

from these models are presented in this report. The principal
quantities studied (ellipticity, VSWR, and insertion loss)

are shown as a function of applied magnetic field and of

frequency. Additional information is then presented for the

two applications previously mentioned.


