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(zeroth-order Bessel

of this resonance.

function) affects the field distribution

In the case of the square ferrite planar resonator, the

magnetic tuning characteristics and the instantaneous rel-

ative electric field intensities across the resonator are

shown in Figs. 8 and 9 (a), (b), and (c), respectively. It is

found from the figures that almost the same resonant

characteristics as obtained for a triangular resonator re-

sult.

V. CONCLUSION

The analysis given can be applied to cylindrical cavities

with arbitrarily shaped, longitudinally magnetized ferrite

posts as well as to arbitrarily shaped, ferrite planar reso-

nators or circuits. The numerical results obtained for all

the examples are found to be in agreement with the

experimental results and the previously published experi-

mental ones. The point-matching technique will be useful

in the design and analysis of ferrite planar circuits as well

as magnetically tunable cavities.
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Theory of Infrared and Optical
Frequency Amplification in

Metal –Barrier –Metal Diodes

DAVID M. DRURY AND T. KORYU ISHII, SENfOR MEMBER, IEEE

Abstract—The near-infrared and opticaf frequency power gain of a

metal-barrier-metaf (MBM) point contact diode exhibiting a negative

differential r&.4anee regfon in its current-voltage characteristic is derived

as a function of frequency. Tire dfode is treated as a travefing-wave
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amplifier. The starting point for the anafysis is the known electric and

magnetic field distribution of the surface waves that propagate in the OX&

barrier layer between the diode whisker and snhstratq mmnniag no

tunneffng current is prexent. Then the differential tonnefiag conductance is

intrnduce@ and the electric and magnetic field distribution is used to ~md

the propagation constant of the equivalent traasnria40n fine formed by tha

diode structure. It is shown that if the differential tnarrefing conduetaaee is

negative, gain can reaoft. It is shown tbeoretieaffy that the diode ampfMer

~ provide approximately a 6-dB gain from the C02 kwer frequency tO
the He-Ne laser frequency.
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I. INTRODUCTION

T HE FREQUENCY response of metal–barrier–

metal (MBM) diodes has been shown to extend into

the optical range [1], [2]. Some MBM diodes have been

shown to have a negative differential resistance region in

their Z– V characteristics [3], [4]. It has been suggested that

the combination of optical frequency performance and

negative differential resistance could produce infrared or

optical frequency amplification in an MBM diode [3].

However, the theoretical details of the amplification

mechanism have not been published. The object of this

paper is to present a theory of infrared and optical

frequency amplification in an MBM diode.
As shown below, the point contact MBM diode is

treated as a traveling-wave amplifier at near-infrared or

optical frequencies due to the short wavelength of the

surface plasma oscillations by which the signal is coupled

to the diode. A simplified model of an MBM diode

amplifier is analyzed by treating the tunneling surfaces of

the diode as a transmission line. This analysis shows that

the proposed amplifier would have a much

bandwidth than would a laser amplifier.

II. THEORETICAL ANALYSIS

At millimeter and far-infrared frequencies,

wider useful

the coupling
of incident radiation to the whisker of a point contact

MBM diode can be described by the classical antenna

theory [5]. However, the classical antenna theory fails at

near-infrared and optical frequencies, where the incident

radiation couples to the whisker by inducing surface

waves on the whisker [6]. These surface waves in turn can

induce surface waves that propagate through the thin

oxide layer that separates the whisker from the metal

substrate [6]. In the opinion of the authors, these “gap

modes” can produce amplification of infrared and optical

waves through interaction with the tunneling current.

A schematic diagram of an idealized MBM diode struc-

ture is shown in Fig. 1. To simplify the analysis, the

whisker is assumed to have a rectangular, rather than a

circular, cross section of length 2a in the z direction and

width 2b in the y direction. The thickness of the oxide

layer through which the diode current tunnels in the x

direction is 2d. Electromagnetic fields in the oxide layer

were calculated using similar assumptions and approaches

used by Economou [7]. Assuming that the tunneling elec-

trons do not greatly perturb the modes of the electromag-

netic fields of the structure, and assuming that d/@-+0

(two-dimensional model) to simplify the analysis, with the

aid of [7] the fields in the oxide layer can be shown to be

Ex=Eo(G1ea’x– G2e-8”)

E== –jEO~(G1e6’x+ Gze-8’X)

and

HY = E 5( G1e8’x– G2e–86x)
‘k

(1)

(2)

(3)

%
F . d
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Fig. 1. The idealized metal–barrier-metal (MBM) diode structure,
showing the path of integration Cl used to determine the resistance
per unit length and inductance per unit length of the equivalent
transmission line.

where

i)

C,sb
G,=+ l–— e – r3bd

q),

() E,(3b
G2=+ l+— e (Sbd

Ebti,

(4)

(5)

~,,,2 = k= –u=poc~, ,,282 (6)

and all fields are understood to be multiplied by d(o~ – ~“)

for propagation in the positive z direction. The permittiv-

ity of the oxide layer is e~= Crco, while e~ is the frequent:{

dependent permittivity of the metal in the region x >d.

Both metals and the oxide are assumed to be nonmag-

netic, i.e., p = p. in all three regions [7]. Note that EY, HX,

and Hz are identically zero; the gap mode is a TM mode

[7].

Since ( l)–(6) were derived neglecting the presence of

tunneling electrons, these equations do not show amplifi~-

cation. Using a method of analysis given by Jordan and

Balmain [8], (l)–(6) will be used to find the parameters of

the transmission line formed by the metal surfaces at

x = + d. (In [8], the method of analysis assumed that the

fields did not penetrate the surface of the metal. In the

situation considered in this paper, the fields do penetrate

into the metals. However, as is shown in the Appendix,

the method described in [8] can be applied to this case als

well.) The differential tunneling conductance per unit

length in the z direction of the MBM diode will be

included when finding the transmission line parameters,

so that the resulting propagation constant of the transmis-

sion line will show the amplification of the wave.

Integrating Maxwell’s equation for th~ curl of the elec-

tric field over the surface ~1, where ~1 is the oriented

surface enclosed by the curve Cl shown in Fig. 1, gives

~,(~x~)d~= -~~,o~-,~d~
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which becomes, after applying Stoke’s theorem, where R is the resistance per unit length of the transmiss-

ion line, and L is the inductance per unit length, (14) is
@ ~-d[= – ju~~ ~.d~. (7) shown to have the e~a~t form of a Conventional transmis.

c, s,

The left side of this equation can be expanded into
sion line equation [8].

Introducing the tunneling current density ~t into

q,fidi=J:.Exlz=z+Ad x+ J:AzE.lx=:

Maxwell’s equation for the curl of the magnetic field and

integrating over the oriented surface enclosed by the curve
z Cz, shown in Fig. 2, gives

J–d

~

Z+AZ
+ EX dx + E= dz. (8)

d z== z ~c—d ~j~x~)d~=~,[~t+ j~~~~l..d]d~. (W

Substituting from (1) and (2) into (8), and carrying out the

indicated integrations by defining Applying Stoke’s theorem and substituting (13) into the

left side of (16) results in

–AV=
~

d EX
J

dx + “ ‘EX dx
–d Z= Z+AZ d Z=z ~j~xfi)d~=@~d~=-2 b(Hy/z+Az- HYIZ)=AZ

and by making the approximation C2

JZ+AZ

J

z (17)
~ ‘Jkz& = – ~ ‘Jk2dz ge –jkzAz (9)

z Z+AZ Let g, designate the differential tunneling conductance per

for Az much less than one wavelength gives unit length, which can be determined from the static

current–voltage characteristic of the diode. Then

J
~.di= –A V+j2EO$ (Gl – G2) sinh (8~d)e-~kzAz.

c, J
~t.d~= – g, VAZ. (18)

s~
(10) Furthermore,

Substituting (3) into the right side of (7) yields jo.x~ JI ~ .=d.d~=j2bu~EO( Gle abd– Gze ‘~bd)e ‘JkzAz

1

s~

– japO ~.df (19)
s,

where (1) and (9) have been used. Define the transmission

=-jEO*~z+AzJ~JG,e’’x-G2e-8’x)e-jkzdxd.‘ine‘O1tageas -,

= – 2jE0 * (G1 – G2) sinh (r3~d)e-JkzAz.
b

v= – Ja EXdx.

(11) Substituting from (1) and int~~rating gives

Substituting (10) and (11) into (7), combining

using (6) produces

terms, and
V= –2$(G, – G2) sinh (8~d)e-~kz.

b

The result of solving this equation for E.e ‘Jkz and sub-

A V=2jEO~ (G1 – Gz) sinh (8bd)e-jkzAz. (12)
stituting the result iri (19) is -

b

JI

btibtl~( G1e&6d– G2e ‘&bd)
This equation is still not in the form of a transmission joxb – ._ . ‘–

line equation, since it contains the electric field magnitude
S2E ‘d ‘s- ‘j (G, - G,) sinh (~bd) ‘AZ-

EO. To eliminate this constant, define the transmission line Substituting this equation, (17), and (18) into (16) results

current 1 as in

I= –2bHYlX=d (13)

(see the Appendix for the validity of this equation) which

AI

[

. bucb8b(G1e8’d– Gze-8’d)
—.—
Az ‘f ‘J (Gl - G,) sinh (8,d) 1

v. (20)

becomes, after substituting (3), By defining

I= – 2b@~E0 (G,e8b’- G2e-8@)e-j’z. bacbtlb( G1e8bd– Gze-&bd)

‘+JuC=g’ ‘y (Gl - G,) sinh (~bd)
(21)

Solving this equation for Eoe ‘Jkz and substituting in (12)

gives where G is the conductance per unit length, and c is the
AV k2(G1 – G2) sinh (8bd) ~ capacitance per unit length of the equivalent transmission

’14) line (2o) is shown to have the form of a transmission lineK=–j buc~8b(G1e6bd– Gze-abd) .

By defining
equ~tion [8].

Since all of the parameters of the transmission line are

R +juL =j
k2(G1 – G2) sinh (8bd)

(15)
now known, the propagation constant y of the line can be

bu~8~(G1eabd- Gze-8~d) found from [8]
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possible [16]. To obtain the real part of (27), note that [1 II]l-l
y--b

II

II e()T .0.—
Cos z 2 ‘sin z

and in this case,

II
v- I o

I S2 Ic

I

r

2

,2

II
~1 ,a+A2

II
I_ .–.1 Y ~=b

()w’
O= arctan —

bae~

then [11]z--a a-a’

Fig. 2. Interface between metal 1 and the oxide layer at x = d, showing
the path of integration Cz used to determine the conductance per unit
length and capacitance per unit length of the equivalent transmission
line.

I/2

.01

‘1n~=7Y
y=l/(R+j(.JL)(G +jtiC) (22)

where all fields are assumed to be proportional to e – ‘z for

propagation in the positive z direction. Substituting from

(15) and (21) into (22) gives for the propagation constant:

so that, for negative gf, the power gain per Unit length Can

be written as

[1
1/4

g;d2
a=2Re(y)=fik l+—

b2u2c;( k2
– k2 +jg, ~

[

Ebr$l
Y= — sinh (~~d)

bb C,ab

r 1
1/’2

‘c0sh(8bd)lsid(8bd’}”2 ’23)
where G, and G2 have been eliminated with the aid of (4)

and (5).

In practice, losses in the system—which can become

quite large as the frequency approaches the surface-wave

resonant frequency of one of the metals [9] —cause Cl, .%,

k, and 85 to become complex. However, it has been shown

[7] that in the frequency range of interest the perrnittivities

of the metals can be considered to be real. Therefore, the

permittivity of the oxide layer will also be assumed to be

real. With no losses in the material, k and db are also real.

In the case of similar metals, i.e., c1= 62, it can be shown

or

In order to obtain a as a function of frequency, it is

necessary to know the dispersion relation of the gap

mode. In the case of similar metals it has been shown th:at

the dispersion relation can be approximated by [7]

r ,1/2[6], [7] that
Cba,
— = –tanh (dbd).
Clab (29)(24)

1/2

(25)

With this substitution, (23) reduces to

we gap spacing 2d in most MBM diodes is less than 20

A, while the bulk plasma oscillation frequency tip of the
metal is on the order of 1016 s-1 [ 1]–[7], [9], [10], [13], [14].

Therefore, c/uP >>d, and (29) reduces to

[
– k2 +jg,

k2 tanh (dbd)
y= ,

bU@b

In most MBM diodes of interest, the gap 2d between the

upper and lower metal surfaces is less than 20 A [1], [4],

[10]. As will be shown below, in the frequency range of

interest tlbd<< 1, and tanh (d~d) =d~d. With this final sub-

stitution, (25) reduces to

ti=k[~pcd/c,]”2. (30)

Substituting this result in (28) produces

v’ w’Y=k – 1 +j—
baeb

(26)

(31)or, in polar form,

Y=k[l+-]’4exp{~ [m-arctan(~)]},
The total power gain over the length 2a in the z direction

is

(27)

As can be seen from (27), if g, <0, then Re (y)< O. This is

one of the necessary conditions that the amplification is
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(32)

It should be noted that if (30) is substituted into (6), d~

becomes

“=”24*-+1”
With the same numerical values used in Section III below,

this gives

abd=(l.9x 1O-’7)U

so for all values of a less than 1016s – 1 (in other words, all

frequencies of interest in this paper) d~d is indeed much

less than unity, so the approximation leading to (26) is

valid.

III. FkJMERICAL EXAMPLE

Assume a point contact MBM diode with a= b = 1000

A and d= 5 A. These numbers are typical for point

contact MBM structures [4]. If the diode is made of gold,

then e,= 3 [10] and tiP = 1.38 X 1016 s-1 [12]. with these

values (32) becomes

G= (4.68X 10- 14)a [jz-.l~.

(33)

In order to produce usable gain at the lowest frequency of

interest, the COZ laser frequency a = 1.76X 1014s – 1, it can

be seen from (33) that g, must have a value of approxi-

mately 1 x 106 S/m. Substituting this value into (33) gives

G= (4.68X 10- 14)LIJ[~=-1]1’2. (34,

Equation (34) is plotted as the solid line in Fig. 3.

To the author’s knowledge at the time of writing this

paper, no stable negative conductance MBM device,

which is stable enough to observe such amplification, has

been constructed [14], [15]. Therefore, it is of value to

compute gain for a wide range of possible value of the

negative conductance. If gt is assumed to be 1X 107 S/m,

then

(3.55 x lol’)(g:/@’)>>1

and (33) becomes

G=(2.03x 10-6)= . (35)

This equation is plotted as the dotted line in Fig. 3. If g, is

assumed to have a smaller value of 1 X 105 S/m, then

(3.55 X 1016)(g~/a2)< 1, and by using the binomial expan-

sion it can be shown that (33) takes the form

G= (6.24X 10-6)gt = 0.624 [dB]. (36)

This equation is plotted as the dashed line in Fig. 3.

I ,

80
I

G-
~:40

1.: “’

jt = 107S/m 1

M’-’ .’ I
g l,’ I

n
1. 1

20 ,

‘w
10’4 : 10’s

*CO* *He-Ne

ANGULAR FREQUENCY

[s-’1

Fig. 3. Infrared and optical frequency response of an MBM diode
amplifier for three different values of the diode’s negative differential
conductance.

Point contact MBM diodes are extremely unstable.

Laboratory lifetimes of devices exhibiting negative resis-

tance are typically measured in seconds. Fortunately,

thin-film MBM diodes with good long-term stability have

recently been developed [14]. These thin-film diodes have

rectangular cross sections, as was assumed in this paper.

Coupling of the signal into and out of the diode can be

facilitated by forming a dielectric waveguide in the buffer

layer formed when constructing the diode [14]. However,

no thin-film MBM diodes constructed to date have ex-

hibited negative differential resistance in their current–

voltage characteristics, because at the bias potentials re-

quired for negative resistance the resulting current densi-

ties are so large that the thin-film diodes burn out [15].

More developmental work must be done on these new

thin-film MBM diodes in order to produce stable diodes

exhibiting negative differential resistance in their

current–voltage characteristics.

IV. CONCLUSION

The gain of a simplified model of a point contact MBM

diode with a negative differential resistance region in its

static 1– V characteristic was derived by treating the diode

as a transmission line. It was shown theoretically that an

MBM diode amplifier could produce useful gain (ap-

proximately 6 dB) with a frequency response of less than

1.5 dB over a decade frequency range in the near infrared.

It should be noted that in order to obtain a value for

the differential tunneling conductance per unit length on

the order of 10’ S/m with MBM diodes that have been

successfully produced in the laboratory would require

biasing the diode very close to the knee of the 1– V

characteristic curve [3]–[4]. At this bias point only very

small signals could be amplified without distortion. Bias

stability would probably prove to be a major problem,
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since a small change in bias would result in a large change

in gf and, as can be seen from Fig. 3, a large change in G.

Much more theoretical and experimental work must be

done in order to produce MBM diodes with high values of

negative differential tunneling conductance and reason-

able bias stability.

ApPEND1x

As given by Jordan and Balmain [8], the method of

analysis by which the transmission line parameters are

determined from the electric and magnetic fields of the

guiding structure assumes there is no penetration of the

fields into the metal surfaces. If the fields do not penetrate

the surface, the transmission line current must exist on the

surface only. This surface current is given by

J
Is= ~.di (Al)

c

where the path of integration C is taken along the metal

surface, from one side of the guiding structure to the

other, perpendicular to the flow of energy. In the case of

this paper, the curve C would be found at x = d, from

y=i-b toy =–b.

However, for the surface waves considered in this

paper, the fields do penetrate the metal surfaces, so the

transmission line current is not a surface current. There-

fore, from Maxwell’s equation for the curl of the magnetic

field intensity, the current is given by

Z=~(~x~).d~ (A2)
.s

where the oriented surface ~ extends from the surface of

the metal to infinity. The normal to ~ is parallel to the

energy flow. In the case considered in this paper, the

normal to ~ would point in the positive z direction.

For the surface waves and guiding structure considered

in this paper, the magnetic field intensity in the region
x > d has the form

HY= EO~(G1e8bd– G2e-8bd]e-81(x-d). (A3)

Now apply Stoke’s theorem to the right side of (A2),

yielding

l=~-bH,l..@+~mH,l,=-bdx+/:bHYlx=m@

+ JI‘HY ~= ‘dx.
m

(A4)

603

Note that in this case, since there is no variation in they

direction, the second and fourth terms on the right side af

(A4) cancel each other. Also, from (A3), it can be seeln

that the third term on the right side of (A4) is zero, since

the magnetic field disappears at x= co. Equation (A4) has

been reduced to

l=~-bHylx=&
This is equivalent to (Al), thus proving that the method of

[8] can be applied to the analysis of this paper.
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