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Theory of the Germanium Diode Microwave Switch*
R. V. GARVER~, J. A. ROSADO~, AND E. F. TURNER$

Summary—The application of a generally neglected theory of

microwave detection to the poorly understood problem of metal-to-

semiconductor junction behavior at microwave frequencies is dis-

cussed. Experimental results are disclosed which support the theory

and appear to be the first experimental verification of it. It is shown

how the theory predicts that germanium microwave diodes should

exercise direct switching action upon microwaves while silicon micro-

wave diodes should not, as had been observed in the past but with

no explanation.
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OR several years it has been known that ger-

manium microwave diodes exercise direct switch-

ing action upon microwaves while silicon micro-

wave diodes do not.1 The gross difference in switching

action between germanium and silicon implies some

fundamental difference between the germanium and

silicon metal-to-semiconductor junctions at microwave

frequencies. No satisfactory explanation of this differ-

ence has hitherto been published. Little is known of the
microwave frequency behavior of metal-to-semicon-

ductor junctions. The popular assumption is that at a

given reverse bias the junction equivalent circuit ele-

ments (a parallel capacitor and resistor) are unchanged

from 10 mc to 10,000 mc. If this were true, the rectify-

ing efficiency of diodes would decrease much more rap-

idly with frequency than is actually observed. Lawsonz

has formulated a theory based on majority carrier trap-

ping which purports to explain microwave detection;

however, Lawson’s theory has never been verified ex-

perimentally and consequently it is seldom used. De-

signers of microwave diode devices to datea,k,6 use em-
pirical techniques in the absence of a complete precise

theory.
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manuscript received, September 11, 1959.
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New uses of j unction diodes at microwave frequencies

as switches, attenuators,s phase modulators, frequency

translators,; and amplifying elements, s make it more

important than ever to know the behavior of junctions

at microwave frequencies.

The impedance of a diode junction is determined by

the flow of currents across the junction. The junction

current is made up of minority carriers and/or majority

carriers. At higher frequencies the junction impedance

is determined by the trapping of these minority and/or

majority carriers. Shockleyg presented several solutions

for the junction impedance assuming minority carrier

current. Penin and Skvortsova1° have made measure-

ments on point-contact junctions for forward currents

at microwave frequencies, showing some correlation be-

tween minority carrier theory and their data, Lawson2

presented a solution for the junction impedance as-

suming majority carrier current. Presented here is ex-

perimental verification of his theory. M. Cutlerjll study-

ing dc characteristics of point-contact diodes, considered

the case in which current consists of both minority and

majority carriers and demonstrated their coexistence.

For forward currents, Penin and Skvortsoval” found fair

agreement with minority carrier theory if they could as-

sume very short minority carrier lifetimes on the surface

of the semiconductor. This indicates that a large portion

of the forward current is due to minority carrier flow in

the semiconductor. The data for germanium presented

here for a small reverse bias more closely fits Lawson’s

theory for majority carrier current than Shockley’s

theory for minority carrier current, while no good corre-

lation can be made between the silicon data and major-

ity carrier theory, Thus, it is concluded that the cur-

rent, flowing for a small reverse bias on the germanium
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point-contact diodes studied here, is largely majority

carrier current.

It is shown that a difference exists between german-

ium and silicon and that the germanium should work

well as a switch in the standard microwave diode car-

tridge while silicon should not. This confirms earlier ob-

servations.

DATA ON DIODES

At a fixed reverse bias voltage, the impedance of point

contacts on N-type germanium and P-type silicon were

measured from 1 mc to 10 kmc. h’measurements from 1

mc to 200 mc were made on the Boonton parallel RC

bridge. Measurements at C and X-band were made in

waveguide by the techniques reported by Garver and

Rosado.12

The equivalent circuit for the diode junction at re-

verse bias is assumed to be a parallel resistance and

capacitance. Figs. 1 and 2 respectively show the resist-

ance and capacitance for germanium and silicon as

functions of frequency. Special weight is assigned to

9.3-kmc data because it is the frequency at which the

measurement technique was refined. The bridge meas-

urements are considered to be those of typical diodes,

independent of donor density in the range of 1016–1018

donors per cm3 for Ge (e.g., 1N263) and 1019 acceptors

per cm3 for Si (e.g., 1N23).

Very little will be said concerning the silicon diode

data. The equivalent circuit assumed for the plots of

Figs. 1 and 2 is not valid above 2 kmc for silicon be-

cause of high spreading resistance. The forward and re-

verse data plotted in Fig. 5 is similar to the observations

of Penin and Skvortsova 10 which come fairly close ‘0

minority carrier theory. The germanium diode data

however, plotted as Resistance vs Reactance for chang-

ing current, gives more of a straight line which implies

that the depletion layer capacitance (from majority

carrier current) is predominant over the diffusion capac-

itance (from minority carrier current).

LAWSON’S THEORYZ

Lawson’s theory evolves from considerations of the

probability per unit time for the ionization of a bound

impurity atom. Of N impurity atoms nO are ionized at
room temperature leaving N– no bound majority

carriers. The relaxation time constant ~ for this ioniza-

tion process is found to be

no
~=

(2N – %)B ‘

in which B is the ionization probability in unit time.

12R. v. Gamer and J, A. Ro~~d~, ‘fMi~rowave diode cartridge

impedance, ” this issue, pp. 104–107.
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Fig. l—ParalIel resistance of a germanium and a silicon diode
at a fixed reverse bias as a function of frequency.
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Fig. 2—Parallel capacitance of a germa~ium and a sillicon diode
at a fixed reverse bias as a function of frequency.

The portion of free-charge carriers with no field applied

at room temperature is no/N, which should[ be about

1.00 for germanium. B may have any value from 108

seconds–l to 1010 seconds–~. Imperfections other than

donors or acceptors in a material woukl change the

value of an observed B because of the trapping of these

additional impurities. The edge of a semicodluctor, ow-

ing to the interruption of the lattice at an edge, contains

impurities caused by irregularities in the lattice. The

edge is also subject to absorption of gases which intro-
duce impurities. And finally, the force exerted by a

whisker and by heating in fabrication, can result in addi-

tional dislocation impurities and in possible diffused

impurities that precede from the whisker into the semi-

conductor contact region or from the contact region

further into the body of the semiconductclr.
The parallel junction capacitances at zero frequency

and infinite frequency are respectively CO and C.. The

conductance are respectively GOand G~.
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CO– C.=AC G. – GO= AG= G(W)

c(x) = co – ACF2

G(x)
G(%) = GO-1- AG—

G(m)

2 AG no Cm
B=———— —.—

3 Ace N co

Fig, 3 shows F.z and G(x) /G( co) taken from Lawson2.

It should be noted that the curves are incorrectly

labeled in Torrey and Whitmer. 2

According to minority carrier theory the conductance

at infinite frequency becomes infinite. According to

Lawson’s theory the conductance at infinite frequency

remains finite. For germanium the parallel resistance

measured at lower frequencies (Fig. 1) would indicate

essentially zero resistance at 10 kmc if minority carrier

theory applied, but the data closely follow Lawson’s

majority carrier theory. In Fig. 2, the data for german-

ium deviate slightly from Lawson’s theory. The dis-

crepancy may be the result of B being multivalued or

indiscrete. That is to say, more than one type of impur-

ity may be dominant; for example, impurities frozen

into the semiconductor lattice at different energy levels

may give multiple discrete values of ionization energy

or may even give a continuous range of ionization ener-

gies. Lawson’s theory is based upon one discrete ioniza-

tion energy.

To obtain the theoretical curves, it was assumed that

G. = 1.82 X 10–4 mhos

GO = 0.4 X 10–4 mhos

Co = 0.18 X 10-12 farad

C- = 0.012 X 10–12 farad for germanium

and

GW = 3.76 X 10–4 mhos

GO = 0.476 X 10-4 mhos

Co = 0.11 X 10–12 farad

Cm = 0.057 X 10–12 farad for silicon.

This would indicate that 7 per cent of the carriers

are free in germanium. This value for germanium is very

low and would indicate that the energy level of the

traps is much lower in the forbidden band than the

donor impurity energy level. It might indicate that the

depletion layer is receding only slightly into the neutral

region, contributing only i’ per cent to the current, while

the remainder of the current is coming from traps in the

depletion region, ionized by the greater field caused by

the ac test signal. The pulse reverse characteristic of

germanium point-contact diodes is different from the dc

reverse characteristic. This is also a result of trapping in

the depletion region13.

18G. Rupprecht, “Measurement of germanium surface states by
pulsed channel effect. ” .Pky.$. Rev., vol. 111, pp. 75-81; Tuly 1, 1958.
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Fig. 3—Variable parameters of Lawson’s Theory.z It is noted
that the curves are incorrectly labeled there.

The values of B for germanium are 5.64x 108 sec-

onds–l. These are of the anticipated order of magnitude.

The lower melting point of germanium, and hence

greater disturbance of its surface during fabrication,

may account for the large amount of traps in the deple-

tion region with energy gaps greater than those asso-

ciated with the donor impurities.

To summarize, the current of point contacts on sili-

con and germanium at a fixed reverse bias may be either

due to minority carriers, majority carriers, or both. The

data reported here imply that the reverse current is

mostly from majority carriers in germanium and from

minority carriers in silicon.

SWITCHING

If the diode is a reflecting discontinuity in a plane

with a matched load behind it, then the attenuation of

a diode switch is defined as the ratio in decibels of the

microwave power getting past the diode, to the incident

microwave power; and the impedance measured with

reference to the exact plane of the diode, gives the at-

tenuation according to db = 10 log (G/1 – I’z), in which

G is the combined conductance of the diode and matched

load, and 172is the power reflection coefficient (Fig. 4).

Eliminating the effects of the matched load and cart-

ridge impedance, 12 attenuation as a function of diode

junction impedance is obtained (Figs. 5 and 6). Project-
ing the reverse impedances of Figs. 1 and 2 into Figs. 5

and 6, shows that germanium gives 20 db or higher iso-

lation while silicon gives less than 3 db. The forward

bias data points are also shown in Fig. 5. It is seen that

the higher spreading resistance of silicon gives greater

than 3 db insertion loss, while the low spreading resist-

ance of germanium allows 1 db or less insertion loss.

CONCLUSION

The experimental results indicate that germanium

closely follows the majority carrier theory of Lawson.
This appears to be the first experimental verification of
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Fig. 5—Attenuation as a function of diode contact impedance for
the 1N23 type cartridge at 9300 mc in full size standard -Z”-band
waveguide. The contact impedances of silicon and germanium
are shown to demonstrate their switching behavior.
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Fig. 6—Attenuation as a function of diode contact admittance for
the 1N23 type cartridge at 9300 mc in full size standard X-band
waveguide. The contact admittance of germanium at reverse
bias is shown to demonstrate its good switching behavior.

Lawson’s theory. Silicon, on the other hand, appears to

follow the minority carrier theory of Shockley. Thus, the

observed difference between the microwave switching

capabilities of germanium and silicon is provided with

a theoretical foundation.
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Improvement in the Square Law Operation of

1N2313 Crystals From 2 to 11 kmc*
A. STANIFORTH~ AND J. H. CRAVEN~

Summary—Crystal rectifiers have been used fcr many years as
video detectors in microwave measurements. In most of the applica-

tions the detection characteristic at low level is assumed to be square
law. It is well known that, in general, this assumption is not justified,
particularly if reasonable accuracy is desired. The conditions re-

quired to increase the dynamic range over which square law response

may be achieved have been investigated experimentally. Results ob-

tained in thk laboratory have indicated that a forward bias current
of 100 microampere or more with a low video load resistance made

the operation of the crystal closer to the ideal square law over a
larger dynamic range.

* Manuscript received by the PGMTT, June 4, 1959; revised
manuscript received, September 16, 1959.

~ Radio and Elec. Engrg. DIV., National Research Council,
Ottawa, Can.

INTRODUCTION

C

RYSTAL diodes have been used for many years

as low-level video detectors of radio-frequency

energy both in microwave receivers and in laborat-

ory measuring equipment. The superior low-level per-

formance of the crystal as opposed to a bolometer, to-

gether with its small ~ize and short-term stability, make

it useful in such applications despite variations between

crystals. The crystal rectifier is not limited to the meas-

urement of average power or to low mocfulation fre-

quencies as are bolometers and thermistors. In its square

law region, the crystal is well suited to the comparative


