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ABSTRACT
Efforts related to the utilization of tunneling junctions for
the conversion of radijative power to electrical power are reported.
The theoretical foundations for these particular devices is presented
along with a discussion of many of the practical problems associated with
the implementation of such devices.



I INTRODUCTION

The enclosed report is sumbitted as an in depth review of work
supported by N.A.S.A. grant number NAG 3-88., It in essence is the cul-
mination of a number of years of investigation into the utilization of
rectifying contacts for the purpose of converting either a monochromatic
or broadband (solar) spectrum into electrical current with efficiencies
approaching those achievable or exceeding low frequency classical
rectifiers. Although such conversion efficiencies are not achievable in
terms of presently available devices, the theoretical understanding and
resulting predictions are beginning to indicate junction and coupling
requirements which would have to be achieved to demonstrate the possibility.
Recently also related areas of development, such as surface enhanced
Raman generation, have stimulated interest in the coupling to micro-
structures that should prove relevant, particularly with regards to the
coupling of the incident radiation field to the juncticy devices. The
study of tunneling devices for conversion should also play a relevant
role for p-n junction and other devices which have already demonstrated
conversion efficiencies in excess of 10%. Such questions as the role
of phonons and the influence of phonori collisions on the open circuit
voltage problem might be illuminating from a fully quantum mechanical
point of view as is necessary when tunneling is considered. Also since
tunneling junctions have already been demonstrated to be useful with
various types of cells, the question is relevant.

The report is organized in a manner which presents first of all the
theoretical foundations of some of the quantum mechanical aspects of the
problem. These are particularly important for many of the concepts which
wi’l be necessary to pursue. This section is the basis of an understanding
of the relation between the quantum mechanical and classical picture of
the rectifying process and inparticular its relationship to the multi-
photon theory of rectification. At optical frequencies this ties together
the transition rate across the junctions and its relationship to the
elastic current voltage characteristic. This is based upon a stationary
state model of tunneling which provides the simplest way of tying the photon
assisted tunneling theory of Tien and Gordon to the detailed interactions
which occur in microjunction devices. Much of this effort is continuing



since the connections made are recent results.

In the second section of the report we discuss the particular modes
which will be of interest in operating devices. This involves the solution
of dispersion relations for the modes of the micro-structure junctions
and in particular, the derivation of the loss coefficient associated
with some of these modes. This is a particularly crucial problem since
the modes turn out to be extremely lossy and in addition travel very
slowly. An understanding of this dispersion curve for various frequency
regions is important.

Open surface (one metal and an overlaying dielectric) nodes are
also discussed and although they have more reasonable propagation lengths
and loss coefficients, they still are highly lossy.

In section IV of the report e discuss the counling of open surface,
free space and confined or gap modes. This involves basically three
types of structures, the prism or grating, antenna and aperture, or,
taper. Of these the first is very difficult because of the short
periodicities required. The second is probably feasible at optical
frequencies in spite of the short propagation lengths required. Taper
coupling although difficult in terms of present day fabrication techniques,
should become feasible and could eventually be incorporated into an antenna
coupling scheme,

The next two sections of the report pertain to experiments which
have been undertaken to investigate some of the underlying principles
and coupling techniques. This begins with Chapter TV, section 5 des-
cribing a heterodyne diagnostic experiment. In Chapter V the fabrication
of our junction devices which we are attempting to utilize for most of
these experiments is described.

We conclude the report with our perception of the prospects of obtaining

practical devices which could display a relatively high conversion effi-
ciency. We conclude that the theoretical possibility is present, however
the fabrication techniques as well as the ability to obtain junctions
exhibiting the desired characteristics are not yet at hand. Many of

the ideas developed in the present report have been extended more recently
and appear in the renewal proposal. The overall opinion is that whereas

a few years ago it was uncertain as to how tunneling junctions were



managing to mix signals together, to couple the radiation field into the
junction, and to exhibit the bias dependencies which they have, it is now
felt that a rather thorough theoretical understanding of the physical
principles involved, the coupling, the propagation of the field along
surfaces and into the junction, and the rectification characteristics
of the junction devices has been obtained. The main problems requiring
solution are those related to the fabrication of the structures required
both for the tunneling and for the coupling in order to cxperimentally
demonstrate that the theoretical modelling is correct. These problems
are a challenge to microfabrication techniques which are presently
evolving, such as molecular beam epitaxy, electron 1ithography, and
chemical vapor deposition.

The conclusion is that three aspects must emerge. First is the quantum
mechanical hasis of rectification theory and the inclusion of aspects
such as phonon collisions and electron-electron collisions. Second, a
junction displaying asymnetry (no back current) must be theoretically
analyzed and be experimentally fabricated. Lastly, coupling devices for
the radiation field must be fabricated to demonstrate the possibility of
significant deposition of energy into the region of the junction.

While this report contains results pertaining to the direct conver-
sion of the electromagnetic field to electron current, some of the basic
findings have resulted from efforts associated with related investigations
of the coupling between the free space radiation field and surface electro-
magnetic waves and the coupling of the latter to electron tunneling
currents. These sources have been NSF Grant No. ECS-7923877-02 pertaining
to the investigation of tunneling devices for optical communication, the
Joint Services Electronics Program which has provided support for submill-
meter and infrared mixing and detection and in particular the comparison
of metal-barrier-metal tunneling devices with other types of junction
structures. The Jet Propulsion Laboratories has provided support for
surface wave amplification devices which utiiizes the same basic expressions
as for absorption. They have also provided some support for conversion
work which has been described in a final report submitted and does not
significantly overlap the presently reported effort.



With regard to notation, every attempt has been made to be as
consistent and as clear as possible., The equation referencing has been
made simple where possible., Where a single rumber is found reference is to
an equation within the same section, If two numbers are given the first
is to the section number of the same chapter and the second the equation
number. A1l three numbers are given when reference is inade to a different
chapter, In section (I¥.2), the section number was deleted.

In final printing it was noticed that in some cases although every
attempt was made to retain a consistent notation throughout, there is in
some cases double notation. The niost important of these we list below:

1) B or k is used to represent the propagation vector component
in the direction of propagation of the surface electromagnetic
mode.

2) B =R -ip" =k =k'- iKk"

3) vy as well as v is used to represent the propagation vector
component in the direction transverse to that of the propagation
of the mode.

4) £ or § is used to represent the relaxation time of the free
electron cloud.

5) Barrier thickness is given by s, d, or b.

6) The elastic junction current is given by ((VO)) in Sec. 11.2.
Iy in Sec. II.3 and simply I in Sec. 11.5.

7) References are indicated by [] or 0,



Il THEORETICAL CONSIDERATIONS FOR RECTIFICATION

II-1  Introduction

For the application of tunneling devices for the purposes of converting
between modes of the radiation field and low frequency modes of lTumped
circuit devices, a suitable model describing the tunneling process is
required. The model must include the effects of photon assisted tunneling
as a classical analysis does not apply when the photon energy is large on
the scale of the nonlinearity. The curvent theory, known as the transfer
Hamiltonian model, has the dual disadvantage of being inapplicable in the
thin barrier limit, at least for practical considerations, and an inability
to treat barrier height modulation produced by the radiation field. A
theoretical approach of Tien and Gordon, and used by Tucker relates the
inelastic current resulting from an interaction of the radiation field
to the low frequency elastic current, This relationship will become
central for calculations of the potential efficiencies available., However,
it was deduced r¢l by considering the detailed interaction within the
barrier region but by discussing the relative modulation of the wave
functions on one side of the barrier with respect to those on the other
side of the barrier.

We have reviewed this problem and have been able t¢ tie the results
of Tien and Gordon to the interaction itself. This has given us an accurate
picture of the interaction process and in particular, its influence upon
the barrier. We can thus include processes which do not necessarily re-
sult in the Tien-Gordon tormulas and which will become important in dis-
cussing the conversion problem.

This particular approach involvez an extension of the stationary state
mode1(1'7) to the case of an a.c. bias excitation, and does not suffer
from the above limitations. '

11-2  The Stationary State Theory of Tunneling

a)Static Bias Case

In the stationary state approach, one initially finds the eigenstates
of the Hamiltonian describing the complete structure. The exact form of
the barrier potential is a complicated and generaily unknown quantity, and



is a strong function of the material properties and interface quality.
One generally has to assumea form for this potential, which represents
a phenomencingical input. It is true, however, that the tunneling pro-
bability is relatively independent of the barrier shape, and one can
generally assume a phenomonological barrier height and width for an assumed
rectangular barrier. A rectangular barrier allows straightforward deter-
mination of the eigenstates, although closed form solutions exist for
triangular, trapezoidal, parabolic and perhaps other simple geometries.
For the treatment of field emission, for instance, a triangular barrier
is most appropriate. Furthermore, for arbitrary barrier shapes with
gently sloping interfaces, the WKB approximation can be employed.

Initially this chapter will restrict discussion to tunneling between
free electron metals. This is not essential and certainly other junction
configurations will be important for conversion devices. The metals are
characterized by the chemical potential u, which governs the density of
electrons in such a manner as to preserve charge neutrality with the
positive lattice in thermal equilibrium. When assembled into the tunneling
structure, the Fermi levels must coincide in thermal equilibrium (this
condition actually defines thermal equilibrium). The energy difference
between the conduction band edges of the two metals is therefore well
defined, as is the height of the effective barrier as measured, e.g.
from one conduction band edge. The structure is shown schematicaliy as
an energy-displacement diagram in Fig. II-la. An applied bias potential
will shify the Fermi levels with respect to each other by an amount eVO.
This assumption is due to the large effective screening in the electrodes,
which implies that the electrons will "see" the field due to the applied
potential only in the barrier region. This further assumes that there is
appreciable reduction of the electron wavefunction amplitude in the barrier,
i.e. the charge density and hence the screening are much lower there than
in the electrodes. The energy diagram of a d.c. biased (conventionally
positive) junction is shown in Fig. Il-1b. From this model, one can
immediately write down the structure Hamiltonian from which the eigenstates
are to be determined.

If interactions between the electrons are neglected, the eigen-
functions can be separated into two disjoint subsets, one associated with
each electrode, and treated as independent thermal ensembles characterized

-7-
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11-1 a) Energy displacenent diagram for a metal-barrier-metal tunneling
junction structure.
b) Energy diagram of a d.c. bias metal-barrier-metal tunneling
junction structure.




by the left and right Fermi energies. Therefore, once one assigns a
suitable basis of structure eigenstates, the expectation of observables
such as current density can be computed.

In the ideally isolated metal electrodes, each energy level corresponds
to a stanaing wave Bloch state occupied by an opposite spin pair of
electrons. The energy density of such states is pL(c) and pR(E) in the
left and right metal, where ¢ is measured from the respective conduction
band edge.

For the real tunneling system, we wish to take into account the fact
that for an electronic state which has a large amplitude in the left
electrode, there is a finite albeit small amplitude for the state in the
right electrode. It is assumed here that the eigenstates have the following
form; the states which originally were standing wave states in the left
electrode are now matched to a traveling wave in the right electrode carrying
flux away from the barrier, and similarly the right electrode states are
now matched to a traveling wave in the left electrode carrying flux away
from the barrier. The states, of course, are functions of the applied
bias voltage VO across the barrier. We shall denote the new states corres-
ponding to the original eigenvalues {CL} of the left electrode {Icu(vo)v},
and those corresponding to the eigenvalues {eR} of the right metal
{|be(v0)>}. The {eL} and {eR}, measured from the respective conduction
band edge, are distributed according to pL(c) and pR(e).

The Hamiltonian as a function of coordinate x is

2
H =5+ 0(x) + eVy f(x), (11.2.1

Qﬁﬂﬂmﬁhdﬂ%hazi
with OF POOR QUALITY

X <0 0<xz<b X >Db

¢(x) 8 ¢y, (x) 0
f(x) 1 fb(x) 0 (11.2.¢
where § = g = WMo and ¢b(x) is a complicated function representing the
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effective barrier. The function fp(x) represents the normalized bias
potential in the barrier. We will take the average %otal barrier height

to be ¢ + evo/z. i.e. the Hamiltonian from which the eigenstates wil)
be defined as

X <0 0<x<b X™>b
2 eV
H - gﬁ eVy + § ~7Q + ¢ G

Eigenenergy of H: ¢ + eVy + &, for |cu(v0)> and for IbC(VO)}

It should be reiterated that although a rectangular barrier is assuned
other approximations, e.g, WKB, may be used,

For high bias voltage V0 = ¢, the barrier potential is more
appropriately described as triangular or trapezoidal, hence the assump-
tion that eVO < ¢ for these eigenstates. Structure energy levels are

referenced (arbitrarily) to the conduction band edge of the right metal.

The unnormalized (~) eigenstates have the form

Eigenstate X <0 D<xzgb
- ikyx =ik, X -Kx K(x-b)
lce(Vo)) el tR.e C.e " "+D e
- -kqyX K(x-b), o~ KX
|besey +5(Vo) TeveV 468 ) Corey +68 Doy +48
0 0 0 0
X>b
1K, (x-b)
Te 3
[
-1k, (x-b) ik, (x~b)
e 3 R e 3
c+eV0+6
where

-10-
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K = /fh(¢-evo/2-6-e)nlz

ky = om(cteVyts)/n? (11.2.5)
and it may be assumed € € {eL} for |cC(V0)> states, and £ + eVg + & € {rp}

for |b (VO)) states,

c+eV0+6

Matching amplitudes and derivatives at the boundaries x = 0 and
x = b implies

27k, (K-ik,) K+ik
C = __ul____ﬁl_ . D.=¢C n_ﬁ_g e'Kb
€ Fe v £ K-1k3
(K#iky ) (K=ika)-e” 250 (Kmiky ) (K+iky) 4ik, ke P
R = 1 3 L 307 = —1 (11.2.6)
[ FC ' e FL. Ly
where
o= -(K=iky) (K-kg) + e 2K (keiky) (Kriky). (11.2.7)
Transforming k1 -+ k3, k3 -+ kl, yields the corresponding quantities
Cé+ev0+6' Dé+eVO+5’ Ré+evo+é and T reV i The wave functions have
the important properties:
K, (1-R_|2) = kq|T_|2 (11.2.8)
1 € 3''e te
ky(1- |R! 12y = Kk, |T! |12 (11.2.9)
3 €+eV0+6 1 c+eV0+6 ’ T
and we observe also
Fo=p (11.2.10)

£ €+eV0+6 ’

-11-
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The states derived have appeared in the literature previously(4’9).
A clear discussion of orthogonality, however, has not been aiven
and js important for the following a.c. interaction considerations. One
might assume that the wavefunctions are ortihogonal outside of the barvier
region, where they assume plane wave character, however inis is inaccurate
since the barrier region will always contribute an overlap. It might
then be argued that the overlap would become insignificant as the normali-
zation length tends toward infinity, as the overlap is independent of the
normalization length and hence the contribution should decrease as 1l/L.
This argument does not provide an adequate degree of orthogonality, as
the overlap is always uf the same degree (1/L) as the current operator
martix elements. It can, in fact, be shown that in the continuum 1imit
the wavefunctions are exactly orthogonal.

Consider for example orthogona]jty among the 1c> states. Assuming
an infinite structure and using J: e Mdx = ng(n) + iP(%), one has

CeVg)le (Vo) = m(1+[R_1P)6(ky-ki) + 71T % 6(ky-k})

| 1 Loy ook
- (1-RER,) Pl )-1(RE-R ) P(k1*ki> +ATH T, P(ks'k')

+ barrier contribution (11.2.12)

It is arduous but straightforward to verify that
the principal part terms cancel the barrier contribution. Using

"y = N 70 Y. SRR | k! i
6(k3-k3) = 6(k1 kl) s K S.(k1 kl) one obtains
Ce(Vgdle (Vo)) = 2ms(ky-kj) (11.2.13)

-12-
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and T.*R S(ky=k!) + R‘*T &(ko,=ks) = 0, one has
A g 'c?\f37%3 >
<be.(V0M ce(vo)> =0 (11.2.15)

Orthogonality holds exactly only in the continuum Vimit, but the
discrete formalism developed in this chapter is applicable with the
understanding that evaluation of expressions should’pe done in the L
limit. Adopting the normalization <cc(V0)| = 7%f<°c(vo)l’

(be.(VO)l = ;%t-(bc(Vo)l. which is usual, one may return to the summation

notation with normalization

Ceai (Ve Vgl = 8 (11.2.16)

(by (Vg) e (Vg) = 4ok (11.2.17)

. m e - &
and we have the associations T 6(k1-ki) = ékl’ki’

T s(k -k4) = 8 , as L»=, In a practical sense, going to the continuum
L3 "3 k3,k3

1imit involves only changing summations to integrations in the usual

manner, i.e. ) -~ [p(e)de, and taking the domain of the wavefunctions
e

to be (-»,=), The change has no effect on the current operator matrix
elements. ,

Charge neutrality in equilibrium is maintained, i.e., the electron
density in each metal is the intrinsic density at zero bijas. For
instance, in the isolated left metal for a given energy the electron

density is n(k) = %% . Forkthe left metal in the structure with Vg = 0

we have n(k) = #((1+R [ "T;: 7o @y 2L _ 2L . This is true in the
5

right metal as well. e+ nooo

-13-
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5= RETs(x-x")-6(x-x" ). (11.2.18)

where x' is now taken to be the coordinate variable upon which the wave
functions depend and x is the position of observation.

Evaluating the matrix elements, one finds

16K2kfe'2Kb

. _en * .
eV lile Vgl = malkg +kg) * ———; (11.2.19)
2L|F_|
(bc+eV0+6(V0)|j|bc+evo+6(vo))
o x  16KEKZeT2KD
= . 'é_xﬁ(klﬂ(l) PR N (11.,2.20)

2
2L|F|

The fact that the final momentum must be real precludes current flow
below the conduction band edge of the electrode into which the electron
tunnels. Multiplying the matrix elements by the respective standing
wave state densities (including spin degeneracy, and where 0(c) is the
Heaviside function)

2L m
p () = 57— 6(e) , (11.2.21)
L lf?nkl
_2L m
pR(c+eV0+6) = S5 e(c+ev0+5) (11.2.22)
™3

one has immediately
pL(E)<CE(V0) lj'cc(vo)>
+ ppleteVy#s) ¢ bc+evo+6(v0)|j|bc+evo+6(v0)> =0, (11.2.23)

the condition of detail balance. This means that for any structure

energy level, if both ]cC(V0)> and |b (VO)> have equal occupation

probabilities, then there is no net current across the barrier. This

-14-



ensures that there is rno net current flow at zero bias,

In the second quantized form, ORIGINAL PAAT 13
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H=7 (ct eVy +6)cgcC + Ve bgbc, (11.2,24)

€L R

where the creation operators CZ’ bi create |cc(v0)> and lbc(vo)> eigen-
states with eigenvalues ¢ + eV0 + 6 and ¢, respectively, i.e.,

chC(VO)) (c+eV0+6)rbc(V0)) (11,2.25)

"

Hle(V0)> ele(V0)>. (11.2.26)
One generally utilizes the complete set of eigenstates to form unperturbed
Green's functions, as this facilitates the treatment of, e.g., phonon
interactions [4]. Here all interactions are neglected, thus there is no
need for the introduction of Green's functions at this point.

The time dependence of the field operator is written explicitly

Y =Z cc!cc(vo)) e -1<€+eV0+6)t/h
L

+1 b lb_(vyye iEtA (11.2.27)
E:R .

so that Y satisfies ﬂii = [H,y] (Heisenberg picture) and the creation
operators are time invariant.
It should be pointed out that here Dirac notation is used

to represent the Schrodinger wave function.

Closure of the Dirac brackets implies an integration over the coordinate
variable (x') upon which the wave functions depend. The density operator
is

p =1 Bk (11.2.28)

~N

-15-
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K=H- § (u+evglele. - 7 ucbb (11.2,29)
: HR 0" ce k HROPes ree
L R
and
z=1r e g (11.2.30)
B
Thus
K= § (edele, + § (coppdblb . (11.2.31)
E:L CR

This expression for K shows that the bias dependence is in the states,
i.e., the density operator is form invariant with changing bias. The
second quantized current operator is J = y'jy, or

Jd = X c'f'ce.( CE(VO)ljlcc.(V0)>e-i(g‘_5)t/h

e
- L.

¥ e'zc bzba'( bL(V0)|3|bc.(VO))e i(e'-e)t/

R R

j -i(e'-e)t/n

L€k

tb cor (b (Vo) 3lcv )y e ile'-eiyh
- Porev ot y _
i ycp reVgte et T erelgrd 0T (11.2.32)

Spin indices are suppressed for notational simplicity, as the
Hamiltonian and density matrix are trivially spin diagonal. The current
cperator matrix elements are independent of spin, hence the summations
over €,c' imply additional summations over independent spin variables.

In this chapter all spin summations can be performed by including spin
degeneracy in the density of states, thus one may adopt degenerate
state densities and neglect spin throughout.

For the static bias case at hand, the current operator may be evaluated
anywhere in the structure, and the total current J(VD) = Tr(pd) may be

-16-
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'B(C" L)
L 14e

-B(c-u )
R 1+e

or in the continuum limit

Q) = r dep (£)F (- ) Cc, (V) ldle, (VgD

o[ dengle)tlemng) <o (V) lilb, (Vg)) (11.2.34)

where f(x) = €
147 RX

may be used to combine the two integrals. Then,

is the Fermi function. Detail balance (Eq. I1.2.23)

(I(Vp)) = J“’ dep, () (F(c-uy )-FleveV - )) Ce (Vo) ldle (V)

(11.2.35)
recalling that W = b = 8.
Given pL(c) = 2Lm2 8(e),
m
1
and evaluating
*, .
o 4en k3K (ky + ky)e™ 2O
(c_(Va)lilc )y =
£
one obtains
| 8e ® lez(k3+-k;) -2kb
(J(VO)) == de 5 (f(e-uL)-f(c+eV0-uL)).
-~ IFel (11.2.36)
-17-



This agrees with the result derived by Harrison [10] to lowest order

in the tunneling exponential e'Kb. Fluctuations in the tunneling current
can be treated similarly(7) and give the results of Ref, (12) to a good
approximation,

(11)

b) Nonstatic Bias Excitation

Previous to Ref. (7), the stationary state approach vias restricted to
static problems, i.e., where the applied bias was time independent.
Although scattering from time dependent impurities was considered in
a stationary state approack,Ref, (5), the response of tunnel junctions in
the presence of a radiation field (effective nonstatic bias) was accom-
plished only in the transfer Hamiltonian format(13’14’15) . In this
section, the stationary state method of Ref. (7) for photon assisted tunneling
will be described. Due to the quantum nature of the radiation field,
expressions for the tunneling current revert to summations over the
number of quanta absorbed or emitted into the field, and nonclassical
behavior is exhibited, By "classical behavior," we mean the predicted
response of the junction when Vo V(t) in our previously derived ex-
pressions in the static bias case. Throughout the present section,
comparison will be made to results obtained from the transfer Hamiltonian
format, and certain discrepancies will be noted. The discrepancies are
the result of the change in barrier height due to the applied field being
neglected in previous analyses, as will be described. The ability of
the stationary state model to predict the effects of photon assisted
tunneling demonstrates the complete utility of this model for independent
tunneling charge transport.

The approach described here is to find time varying eigepstates for
a structure with a sinusoidal bijas component. The current of the time
varying eigenstates is then summed in the usual manner, yielding the
current response. The source of the time varying bias is not specified,
and therefore could be due to a radiation field or plasmon field, within
a certain frequency limit to be described. It is assumed that the fre-
quency is low enough so that the density operator is time invariant, which
is equivalent to assuminc the maintenance of thermal equilibrium in the
population of the {{c >} and {lbc)} states. We are neglecting bias.field
penetration into the electrodes so that e, the kinetic energy of the
incident electron, is still a valid label. Approaching visible frequencies,
the assumption of rigid motion of the Fermi levels (rigid occupancy

~18-
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hypothesis (4)) breaks down, as does the assumption of a piecewise

Jinear potential taken for V(x,t) = V(t)f(x). One should use perturbation
methods for excitation at these frequencies, but the expressions observed
here are still valid to lTowest order in the a.c. field amplitude, The
density operator therefore retains its form.aand time dependence is intro-
duced through explicitly time varying states, Consider the |cg(v0)>
states, which satisfy HICE(V0)> = (crevyte) e (Vo) for static bias V.
For an explicitly time varying bias voltage V = Vg + V, cos wt, |ce(V)>
will no longer be associated with a simple exponential time depenience,
yet if one now includes the time dependence in the state one must have

Hlc (VB = i % Je (V(t)) . (11.2.37)
Thus, states ICC(V(t))) must be found such that

(85 + 4lx)ee(y . cos ut)f(x))[c, (V(E)D = ih 7% [c (V(E)) .
2m 0 ot ‘e
(11.2.38)

If |cE(V(t)> and the corresponding lbr(v(t)> can be found, the a.c.
current response neglecting field penetration may be computed without ap-
proximation. To date, exact solutions have not been determined, but an ap-
proximate solution may be found as follows. One assumes a solution to Eq.
(2.38) of the form

=i (cteVrstnhw)t/h
A e 0 , (11.2.39)
no N 124

e (V(t))

where the |c2) are normalized, time invariant wave functions not necessarily
orthogonal on n. Substitution into Eq. (2.38) above implies, because of this time
invariance, that

2
(55 * o(x) + eVgflx) - (crevgrsmntalld,[c2)

O .
n+1>

u
o

eV n-1
t - f(x)(An+1|c +An-1|cc ) ) (I11.2.40)

~19-



Suppose it is required that ORIGINAL Fry > re

OF POOR QUALITY
2
( 5=+ a0x)+(eVgrmm)f(x))|clh) = (creVgrstnim) |cl)

B

then one can see that lcg ) is simply lcﬁ(vo+ntnve)) , corresponding to
the static bias case but with bias V0+nhw/e. Then one must have

-F(x)ntA |c_(Vgtnhw/e))

eV
+ =t F(X) (A e (Vorinelinw/e) +A i fe (Vot(n-1ha/e) ) = 0.
(11.2.41)

Where f(x)=1 (the left electrode, f(x) vanishes in the right electrode)

lc (V +nhw/e)) has the fornl-JL~ (eik‘x*rRn e'ikﬁx) h th flecti
c. (Vg , T . » where the reflection

coefficient Rg is a slowly varying function of n whenlm£<¢-MR.
Neglecting this dependence in (2.41), i.e. assuming the above inequality
implies,

eV
-nty + 4 g (g tAng)

eVr (11.2.42)
75
hw' ?

= 0 or

Ay =3,

Iy being the ordinary Bessel function. The time varying |c (t)»
states are thus taken to be

eV, -i(c+eV0+nhm+ﬁ)t/h
lcc(V(t))) = g J Qﬁzr)lcc(vo+m\w/e)) e

(11.2.43)

i.e., a weighted sum over the previously derived states for the static
bias case, where the bias potential differs by some integer number of

k
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pheton energies. Recall that [c (Votmhuw/e)) satisfies s

2
( %ﬁ +¢(x)+(eV0+nhw)f(x))ICE(VO+nhw/e)) = (s+eV04nhm+é)|ct(V0+nhw/eb ,
(11,2.44)

Similarly, one can find time varying |b(V(t))) states. The requirement
that the transmitted part of the eigenstates be projected out of the
recursion relations, so that one may use the approximate invariance of
the reflection coefficient on n as above, implies (with hindsight) that
a slightly different form must be adopted for [bL(V(t))) . A suitable

form is
t eVr
— 05 wt'dt'

-1 ] ‘ |
Ibe(V(t))) = e J he ) Bnlb2> 6*1(L'th)t/h

(11.2.45)
and upon substituting this into the appropriate Hamiltonian
expression one obtains the recursion relation
p° h
( o +¢(x)+eV0f(x)-c~nhw)Bn|bc )
evr n+l n- 1>
+ = (F(x)-1)(B ;b "> #B, ;b = 0. (11.2.46)
If one requires
p? I n
( o +¢(x)+(evo-nh;,;r(x))|b¢) =clb )
then
, n eVr ntl n-1
nho(f(x)-1)B, [b") + —T(F(x)-1) (B, Ib" 248 167750 ) =
(11.2.47)

Where f(x)-1 = -1 (the right electrode, f(x)-1 vanishes in the left elec-
trode) the states are approximately invariant on n, as it is evident that
lbg »= |bE(V0-nhw/e)> , thus implying that in this 1imit one should take
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evr ixﬁ ﬁi,,
B, = J., QTE;). Thus, we adopt
It ev,, -
b (V(t))) = J T cos utidt 10 (,,w)lb (Vgtnhare)y e (b-mlt/h

(11.2.48)

Note that (ce(V(t))!cG(V(t))) =(bc(V(t))|b£(V(t))> = 1, so that as stated
previously the density operator retains its time independent form, however
now the creatijon operators create the explicitly time varying states.
It should be stressed that our solutions are approximate, and are valid
only in the Vimit hw(( ¢, HL» Mg This inequality will be assumed
for the remainder of this section,

Our concern here is with the current, so the relevant (diagonal)
part of the current operator is

CR n%n' lu n'hw
(b_(Vatnhw/e) |i|b_(V trhw/e) ) o1 (n=n"Jut, (11.2.49)
e''0 ¢ 0
Evaluation of the trace y ‘lds in the same manner as for Eq. (2.34) letting
n' = nm eV eV
(J) eL.g,m Fle= W (5 nem ()

(c (V0+(n+m hw/e) IJ)c V0+nhm/e) e'i"“m

Vv eV
+ 7 &Yy r
f(enuR) ‘]n('tT(LT) Jn+m( hw)

ER’n’m

(b, (Vgtmw/e)|§]b, (Vot(ntmhuw/e) ) g™ it (11.2.50)

The a.c. current is not a conserved quantity, (i.e. f% (g) #0),
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implying the existence of oscillating charge density. For jnstance,
the lcc) matrix elements have sinusoida) spatial modulation in the
right electrode. This is due to modulation of the electron wavefunctions
on passage through the time dependent potential. For small w where
classical circuit concepts apply, this spatial variation becomes arbi-
trarily small,

For the m = 0 (d.c.) terms, one can again use detail balance, i.e.,

p () (e (Votnnw/e) [dlc (Votmuw/e))

+pr(e+eV0+nhm+6) (bE+eV0+nhm+6(Vo+nhw/e)]jlbc+evo+nhw+a(vo+nhm/e))
(11.2.51)
to combine the two integrals. Ore obtains
(J)O = g J-m pL(e)dc(f(e-pL)-f(c+eVo+nhw-uL))
2 V
", 03——) (c (V0+nhw/e lilc, (V0+nhw/e) , (11.2.52)
or
eV
Z J (J(V0+th/e) ’ (11.2.53)
n

where <J(V0+nhw/e)) is the current for static bias potential V0+nhw/e.
This is identical to Tucker's expression for the d.c. quasiparticle
tunneling current derived from the first order transfer Hamiltonian
mode1(15% . It predicts the famous steps in the I-V characteristic due
to photon assisted tunneling 13
Eq. (I1.2.%3) shows that the index n can be interpreted as the number
of photons absorbed in the structure and that the current is a superposition
over the possible multi-photon emission and absorption processes. The
total absorption rate y is thus given by the expression

y = J no? (r) J(Vytnhu/e) /e (11.2.54)

-23-
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One can obtain expressions for the a.c. terms as well. This has
been done as well as a consideration of the Kramers-Kronig relationship
between the imaginery and real parts. Since these are not immediately
relevant to the conversion problem they will not be discussed here,

The primary results of the present section are the two above
formulae 11.2.53 and 11.2.54. They tie together the absorption aspects
of the problem with the current voltage characteristics. In recent work
we have been utilizing these expressions to investigate the conversion
efficiency available from a p-n junction as a function of frequency.

The tie in to the transfer Hamiltonian approach is extremely impor-
tant since it allows one to begin with a microscopic interaction potential
and discuss absorption and emission phenomena within the junction region,
and within the 1imits of validity to obtain the Tien-Gordon results, which
are obtained by consideration of the interaction outside of the barrier
through a phase modulating gauge term.

There are two aspects which allow this to occur. Firstly Egs.

(2.43) and (2.48) show that the n photon absorptior and emission process:s
occur with an effective barrier height equivalent to a shifting of the
d.c. potential to Vo +(-) nhw/e for the c states and secondly Vo -(+)nhw/e
for the b states.

This is what one would expect from an intuitive view as shown in Fig.
(11-2) for the bias convention. Considering Eq. (I1.2.5), from a transition
point of view one can picture the final state as a b-state which for
emission has an energy lower than the initial c-state by nhw and one
might expect the K to differ for the two states. However for the former
c-state the value of V0 must be decreased by nhw/e. Since the electron
is undergoing emission from that state the effective barrier increased
by nhw/2. On the other hand the final b state is first of all lower
in energy by nhw and absorption occurs from it, thus for K the effective
barrier must be increased by nhw/e. If we use these two facts for the
final b-state in Eq. (2.5), we observe that the K value for the b-state
is equal to that for the c-state, and is equivalent to a net increase
in evo by nhw/2e as observed above.

These aspects make the matrix element which one could use in the
transfer Hamiltonian approach different from that conventionally used
for photon interactions. However it will be seen that the integration
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I11-2 Energy level diagram for a metal-barrier-semiconductor junction
utilized to demonstrate relationship between stimulated transitions
and the current-voltage characteristic.
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over the densities of states to deduce current-voltage charateristics of
various devices for practical consideration will become simpler. It is also
this aspect which allows one to relate absorption to the current-voltage

characteristic,

I1-3  Model of Absorption and Emission in Junctions to First On
in Perturbation

We now establish directly that to first order in perturbation the
net rate of stimulated transitions into confined structure modes of tun-
neling junctions is proportional to a finite difference on the elastic
d.c. tunneling current-voltage characteristic. In the low frequency
(classical) limit, this reduces to the differential conductance. Since we
have specifically done this for a metal-semiconductor junction, we shall
considerthis case. The result and approach are however general. The
approach demonstrates the relationship of absorption to the current-
voltage characteristic (as discussed above) through the interaction
within the barrier and thus provides insight into the relationship
between the stationary state and transfer Hamiltonian approaches and
of these to photon assisted tunneling.

Considering Fig. [I-2, electrons in tunneling from left to right can
emit a plasmon during the tunneling process and terminate in a lower energy
state in the right electrode. Alternatively, the electron can absorb a
plasmon from the field and enter an excited state in the right electrode.

To deduce the relationship between the absorption and emission
processes and the elastic current we represent the plasmon interaction by
a time varying potential evr cos (wt) across the barrier region, and
neglect the interaction within the electrodes. A one dimensional struc-
ture is analyzed, and the plasmon propagation constant is assumed to be
negligible. A rectangular barrier is taken, and the structure wave
functions are approximated to lowest order in the tunneling exponential.

One can express the net plasmon emission rate to first order of
perturbation theory as

y=8 J

00

_dE oy () (og (E- altg ¢y |2 (F(E-1) - F(EveVghumy))

~o(E+hw) (Mg ¢y 12(F(E-n) = F(EveVy +hu- 1))

(11.3.1)
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where ji is the chemical potential of the left electrode, and for para-
bolic bands the state densities are given by

p (E) = Re;—i‘? » pplE') = Re—Thy (11.3.2)

'.i h kf h

If the energy E is referenced to the conduction band edge of the left
electrode, and we specialize to an M-1-S structure where the final state
lies in the valence band, one has

)

ki (E) = <3f1]“=,§> L be(EreVy) = (-%’-g (ma-evo-s’))’ . (11.3.3)
where a single wass paraneter has been adopted for simplicity. The
parameter A represents the energy difference between the semiconductor
Fermi level and valence band edge and is positive for the degenerate
semiconductor specifically assumed for Fig. 2.

The stationary state model of the last section shows that the decay
constants of the initial and final electronic wave functions in the barrier
are equal and given by

i.
K= <-2-g (¢-(E+E'+eVO)/2)> . (11.3.4)
h

This relationship will be seen to be important in establishing the
desired connection to the elastic current expression.
The matrix elements ME‘E’ where

d
= €nrn.p_. & (p.
Merg = Jo dx vt g < mh " Pegy (P A)> YRE (11.3.5)
can be expressed for a guage choice of A = E/jw as
eV
o hK _-Kd (11.3.6)
Mee e 20 R om ©
where
-21k1 -Zikf
Lok 0 TR, (11.3.7)
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The barrier height ¢ is measured from the left electrode (metal) conduc- g

tion band edge. Y
Equation (3.1) is directly related to the d.c. current in the ahsence

of inelastic tunneling, which to lowest order in the tunneling exponential

is

I,Wo) = —2—’,1‘9 J_w dEpL(E)pR(E)IM!‘Z,EIZ(f(E-p) - f(E+eV-1)
(11.3.8)
where
) - i I * his >
M = 7 J_m ayt g (U8(x-5) -‘S(X-%)V)WR,E : (11.3.9)

Upon examination of equations (1) to (7), it is apparent that the energy
shift of the final state is equivalent to a change in bias potential,
-tw/e for the first (emissive) term and +hw/e for the second (absorptive)
term. Comparison of (1) with equation (8) for the d.c. elastic current
yields the relationship

2
eV
Y =<_2-’_l£> (Ie‘] (Vo'hl.d/e) - Ie] (VO"M/G)) % (II‘3'9)

which in the classical (w -~ 0) limit is

oy (Vry2 9
y = -(3) () a; Lol (Vo) (11.3.10)

This is precisely the relation one obtains from the theory of photon

assisted tunneling 7’]5)in the limit evr<<r1w . The present derivation

depends specifically upon equation (3.4) from the stationary state theory

and is obtained by considering the interaction within the barrier. It

is a specific example of the general validity of the Tien-Gordon equation

when barrier height modulation is included in the theory as in the

stationary state approach [7], as opposed to the simple phase modulation

imposed on the left electrode wave functions in the transfer Hamiltonian _

model(]s). -
Equation (3.4) has a simple physical interpretation which can be

obtained by considering in particular a transition from a left state to s

a right state hw greater in energy. Viewed as a stationary process, the §

electron receives tw additional kinetic energy in making the transition )

~
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to the right electrode. Thus the barrier height it experiences emerging
from the right side of the structure is reduced by hw and the average
barrier height is reduced by hs/2. Therefore to be correct, modified
wavenumbers in the barrier region corresponding to an effective barrier
height ¢-hy/2 for the left states participating in absorption processes
and an effective barrier height ¢+hw/2 for the corresponding right states
should be used. For emissive processes the signs are reversed. These
corrections are generally small but are important in establishing the
equality implied in equation (9) and its relation to photon assisted
tunneling.

11-4 Relationship of the Stationary State Model to the Transfer
Hamiltonian Model

In the present section of this chapter, it will be shown that
the expression for d.c. elastic tunneling current itself can be written
in the form of a transition rate, using a relation between the structure
eigenstates which will be derived (17). This correspondence relates the
stationary state model to models based on perturbation theory, in parti-
cular the transfer Hamiitonian mode’ .

It is assumed that the tunneling particles are independent and have
free particle dispersion characteristics throughout the structure. The
extension to the effective mass approximation is straightforward, and
does not change the nature of the result, so for simplicity a single mass
parameter is assumed here. Furthermore a one dimensional structure is
assumed, as the extension to three dimensions is also straightforward and
again does not alter fundamentally the result of this section. Given that
a static bias potential V0 appears across the structure, an orthogonal
set of time independent structure eigenstates are assumed to be known.

As in section one, the ICE(VO)) are eigenstates associated with the
left electrode and carry flux to the right, and deep in the right elec-
trode the |cE(V0)) assume a plane wave form. Similarly the |b£(VO)) are
eigenstates associated with the right electrode and carry flux to the
Teft. The parameter ¢ is the particle incident kinetic energy. It is
assumed that the barrier potential is of finite extent, and outside of
this region the states have plane wave behavior with incident, reflected

-29-
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and transmitted components. The electrodes have equal thickness which
will be taken to approachinfinity, hence the actual behavior of the states
in the barrier region is unimportant with respect to orthogonality and
normalization. The normalization used here will be that used previously,

( cc|(v0)lcs(vO)) = le’ki 1]
( be'(vO)IbE(VO” = 6k3’ké

where one may associate, e.g., %6(k1-ki) > Sk »,1 AS We assume L » w ,
Outside of the barrier region the wavefunctionl hsve the form

X << 0 X 5% 0
iklx -iklx ikax
V2L e (Vo)) e ° +Re Te
VZL|b(Vy)) Te e 4R'e (11.4.1)

where again the incident kinetic energy subscripts have been suppressed.
The states are associated with the standing wave state energy density of
the respective electrode, which are, neglecting spin degeneracy,

. Lom
lCE(VO)) <> pL - 'nhz kl (11.4.2)
L m

For any two degenerate eigenstates of the structure Hamiltonian, it is
easily verified that the current operator matrix element betwegn the two
wavefunctions is constant throughout the configuration space of the Ham-
iltonian. Therefore one has (c(VO)|j|c(V0)> » (b(Vy)|3Ib(Vy)) and
(c(VO)Iij(VO)) constant throughout the structure for states corresponding
to the same structure energy measured, e.g., from the right electrode con-
duction band edge (the energy subscripts have been suppressed). One may
also consider the states lc*(V0)> , |b*(v0)> which are the complex conju-
gates of the (time independent) |c(V0)> ,lb(VO)) . The complex conjugates
are orthogonal to each other, but not to |c(V0)), |b(V0)> with which.they
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are linearly dependent. With these states one can prove the following
relationships between the exact structure eigenstates:

CelVldletVy)y = - (Vo) il (V) (11.4.4)
CelVgliletvg)y =2 ko) it 120p (11.4.5)
bV 131bVg) y = = (b (V) [§b" (V) (11.4.6)

b(Vg) [d[b(Vg) » = - 20"

+

"o latb(vgh %o (11.4.7)

where j is the current operator and again all states correspond to the
same structure energy. The proof may be obtained through straightforward
evaluation of the matrix elements. As all of the matrix elements are in-
dependent of position, one may evaluate ¢ c(Vy)[dfc(Vy) (c*(Vo)ljlc*(V
and (¢ (V )|J|b(vO deep in the right ele"trode yielding

. 1 ehk3 2
(e(Vo)tale(Vyh =5 C“ﬁ;“)lTl , (11.4.8)
(e Wil Vg) ) = - 5 (=TI (11.4.9)
(4, 5) then fo]low 1mmed1ate1y Similarly, evaluating (b VO ]J]b ,

(b (V Milb” V0 ) and (¢ (VO |i|b(Vy)) deep in the left electrode 1eads
d1rectly to (6,7) above. The expressions that are most interesting for the
purposes of this section are (5,7), as they relate the current of an ‘
eigenstate to an expression in the form of a trans1t1on rate, with j/e
being the "interaction Hamiltonian."

The connection between the first order transfer Hamiltonian and
stationary state models is established mathematically through (5,7).
In the transfer Hamiltonian formalism, one generally adopts tunneling
meitrix elements as derived by Bardeen [6] so that the model reproduces
the result of the stationary state approach to lowest order in the tun-
neling exponential. The prescription applied is to first find eigenstates



of the noninteracting L and R subsystems which are found by taking the
barrier to have semi-infinite width, i.e. the L subspace consists of the
left electrode and barrier for x > 0, and the right electrode and barrier
for x < b constitute the R space, The eigenstates, therefore, are standing
waves. The expression for d.c. tunneling current is an occupation weighted
sum of the transition rates between L and R states, where hj/e, evaluated
in the barrier region, is taken as the interaction Hamiltonian,

Although this procedure does reproduce the d.c., current expression
of the stationary state model to lowest order in the tunneling exponen-
tial, the accuracy of higher order terms in the perturbation expansion
is questionable due to the first order eigenstates employed, The eigen-
states of the L and R subspaces of the conventional transfer Hamiltonian
approach are approximations to lowest order in the tunneling exponential
of the 'c*(VO)) , |b(V0)) states (or equivalently, |c(V0)) and lb*(VG)))
above. Thus the fact that this procedure approximates the stationary
state result is a consequence of Eq. (5,7). An exact correspondence is ob-
tained if one adopts lc*(V0)> states for L and |b*(V0)) states for R in
the first order transfer Hamiltonian model. This gives:

(3 22e J-w de pL(c)ph(e+eV0+6)(f(e-pL) - flereVp-p )

» j 2
¢ e (V) hd Ibc+eV0+6(vO)>| (11.4.11)

which using (5) is equal to
@ = [ de g (e)(Flem) - Flevelgy ) <c (Vg)lile (V)
- (11.4.12)

where & is the difference in electrode chemical potentials L = Mge This
is the exact expression for the current from the stationary state
model [7]. Replacement of Bardeen's approximate L and R wavefunctions
with the exact lc*(V0)> |b ) thus makes the two models equivalent
with respect to the computatlon of the d.c. current.

One may view the first order independent particle Hamiltonian
mode]l as a formal approximation of the stationary state model where the
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use of hj/e as the interaction Hamiltonian is justified by Eq. (5,7).
With the association of the first order and full structure eigenstates
and utilizing(5,7) one can regain the stationary state d.c., current
expression from that of the first order transfer Hamiltonian model. This
fact may be useful in extending the first order model to, e.g., extremely
thin barriers,

In this section we have described how the stationary state and first
order transfer Hamiltonian tunneling models are related, in the case of
static bias and independent particles. The relationship is a consequence
of the properties of the structure eigenstates, in particular that the
flux of an eigenstate may be expressed in the form of a transition rate.
Using the relationship, one may construct an exact transfer Hamiltonian
model for static bias and neglecting collisions simply by using the appro-
priate structure wavefunctions instead of the commonly used approximate L
and R wavefunctions.

11-5 Theoretical Considerations for Practical Converters

The basic relutionships developed in the previous sections which are
most important as far as mode conversion in tunneling junctions is con-
cerned are first of all that providing the d.c. current, inelastic (induced)
and elastic (back-flow). Secondly one has the expression providing the
transition rate due tc the presence of the mode within the junction itself.
These two are:

2 eVr ]
1 -an W) I(V0+NIN/E) ’ (11.5.1)
2 &Yy
y = I, (=) TV, +mhe/e)/e (11.5.2)
n ,

One observes that to maximize energy absorption from the field the current-
voltage relationship should satisfy I(V0+nhw/e) >» I(Vo-ﬂ1w/e) for n » 0.
This is similar to the condition one would expect for classical rectifi-
cation, although due to the quantum nature of the radiation the change

in slope need not be abrupt. Only points on the current-voltage charac-
teristic corresponding to integral numbers of photon potentials contribute,
which at optical frequencies are separated by the order of one volt. For
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the current-voltage relationship exhibited by an AI-A1203~A1 field
emission junction, the re¢tification efficiency increases with increasing
frequency. At visible frequencies one would expect high rectification
efficiency as the current change can be several orders of magnitude over
a photon potential,

In order for energy to be extracted from the field, the hot electrons
produced by photon absorption must be prevented from decaying thermally
within the electrode. Electrode band structure can be used to forbid
decay through thermalization, for example if the finz1 tunneling state
is a narrow impurity band in a semiconductor band gap, the energy loss will
be less than the impurity band width. Such a configuration is shown in
Fig, 11-3 (photon "pump") and is to be considered further.

In order to extract net energy from the field it is necessary to
compare the absorption rate given by the above formulae with the losses
inherent in the system. The sources of 10ss can be divided into two types:
those caused by the inefficiency inherent within the process itself, and
secondly losses associated with other processes accompanying the direct
conversion process. An example of the former is the harmonic conversion
in the rectifier converter, since it arises as a result of the conversion
process itself. The efficiency of such processes are given by the ratio
of the useful transition rate over the total transition rate. For the
rectifier this is the ratio of the transition rate providing the d.c.
component to the total transition rate. This aspect is dealt with in
more detail in the recently submitted proposal.

An extremely important example of the second type of loss and one
which must be carefuily considered for the tunneling converter is the
propagational loss associated with the particular electromagnetic mode
which is inducing the transitions. This particular loss is given by
the imaginary part of the propagation constant associated with the pro-
pagation of the mode, This loss is discussed more fuily in Chapter 111
pertaining to the structure modes of interest.

In order to compare the propagational loss with the useful transition
rate one must introduce the loss coefficient for the conversion process.
This is given by

a = huR/P (11.5.3)
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where R is the absorption rate per unit length of the device and P is
the power propagating in the mode inducing the transitions. The former
is given by y/Lz, where Lz is the interaction length of the converter.
P the power is given in terms of the Poynting vector

p =i, +| ExPza

To lowest order in perturbation y is given by Eq. (11.3.1) which
for the three dimensional case can be written as

<
1

2
-'%? J daRidBQf‘Mj,f| (F(E;-u) - f(EgeV-u) x

(S(Ei-Ef+hw) - G(Ei-Ef-hw)) (11.5.4)

eV
1,7'r A h .
é‘?‘") (1(Vg#g®) - 1(Vg=g) (11.5.%)

the latter by Eq. (I11.3.9)

One observes from Eq. (5.3) that for appreciable absorption to occur,
the ratio of R/P must be as large as possible. Since R in the region of
interest is proportional to the power propagating within the barrier,
this inplies that the greater the ratio of power propagating within the
tunneling barrier to the total power propagating within the mode, the
greater the value of o, and hence the greater the overall conversion
efficiency possible. In a region of nurmal dispersion P = v _W where W
is the energy stored per unit length %Vit.oA/(de) where A is the junction
area. Thus letting ug = §/c, one obtains

) % . (I(V0+h?g:i/;)l(vo-hw/e))

(11.5.6)

If for parameter values one assumes d = 10A § =20, I(V +hm/e)/A
5x104 Amps/cm , I(V -fw/e) = 0, hw/e =1 Volt, one obtains o = 36 cn -1

There are two 1mportant aspects to this result. Firstly, this a
must be able to compete and overwhelm the mode absorption for efficient
conversion. At low temperatures this should be no problem, although Tow
temperature loss studies should be performed. At room tenperature, ‘the
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mode loss is too great for this to occur,

Looking ahead, Fig. (I11-8) indicates a mode loss of approximately
104 to loﬁ'cm'1 at room temperature so that significantly reduced loss
must be obtained. For low temperatures (=10°K) three of four orders of
magnitude reduction is easily obtained so that o can readily dominate,

The efficiency is then limited by coupling and harmonic conversion.

Because of the second important aspect even if a is large, one can
still be left with a low efficiency device. This is clear from Eq.
(I1.5.1). Since one observes that if'I(V0+tm/e) = -I(Vo-hw/e), to first
order 1 is equal to zero and no conversion to d.c. occurs, This is the
case for a zero biased symmetric junction device.

One should thus define the inherent efficiency as the ratio, IgcR/hun,
of the power delivered to load tothe total incident power absorbed. An
additional mode loss factor of 5?%@“ where g" is tﬁ? imaginary part of
the mode propagation coefficient should be included. Thus the overall
efficiency for the device, excluding coupling is given by

(3 aﬁ(%"—&)x(v0+n:m/e>)2-12<v0)>a N e
n- wF2E" " e

v (11.5.7)
q ndZ (D) 1(Vgnhu/e))

At room temperature o/(a+28") = 3.6x107° indicating a peak efficiency
of .36%. In this expression the - 12(V0) term accounts for the power
required of the bias circuit. '

It is interesting that n, theoretically at least, can have a value
of 1. This occurs for a situation for which v «- R" and I(Vytnhw/e) = 0
for n # +1 and coupling to the mode is assuned perfect. This in one compact
statement expresses the essential features for a 100% converter. That
this is possible is interesting, since, according to this, low frequency
rectification can be surpassed by preventing multiphoton transitions from
cccuring. Furthermore it is interesting '.0 note that the above cannot
happen for a depletion layer device since phonons inhibit the coherence
upon which this result depends.

*Nhile in print it has been observed that recent results obtained by
R. E, Drullinger et al, Applied Physics Letter 42, 137 (1983) reports

an w * dependence of the signal to noise ratio ofla point contact diode

from 1 GHz to 10 THz. It will be shown that f"aw" and R >> a, so that
these results tend to verify Eq. (11.5.7).
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The low frequency smali signal limit of £q. (I1.5,7) is obtained
by taking only the n = £1,0 terms, taking only the first terms in the
series expansions for JO and J1 and approximating differences by deriva-
tives. Current terms independent of Vr are subtracted since these are

bias terms. Assuming a >> #" gives

ne 2,2
- I -(4I/Vr) " 5
81" r

Choosing 1"/1' = 7(v-1), R™ = 1* = (3000 2)"Yv_ = .2v and 1 ~ 204A, one
obtains n = .2(]]’]8) even including the bias pSWer required. These
results are highly questionnable however, since first of all for Vi
.2V one needs the large signal analysis which will decrease this projected
efficiency. Secondly, the results are highly dependent on Vr‘ P2ducing
this to .1V causes the conversion to beeasily overwhelmed by the bias
power required. Finally for visible frequencies, for a correct analysis,
the quantum 1imit is required since hw/e = 1V. We are presently discussing
the analysis of this using a mere accurate approach for a junction con-
figuration for which backflow has been diminished. Unless this is done
it is believed that high conversion is not Tikely.

In conclusicen, we have carried out a stationar& state analysis of
tunneling and have been able to demonstrate the detailed aspects of
the interaction of the tunneling with a confined junctiui; mode. The
final equations for the load current, the inherent transition rate from
the mode and the expression for the efficiency are simple and provide the
essential features required to obtain high conversion efficiencies. We
are continuing our studies of these relationships to first of all investigate
the fundamental 1imits of present converters such as p-n junction depletion
layer devices, and secondly to investigate junctions which will provide
the highly selective constraints imposed by Eq. (11.5.7) = 1.
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II1 PLASMON MODES IN METAL-BARRIER-METAL STRUCTURES 3

For the various tunneling junctions and coupling devices which have
been proposed to directly convert a free space field to an electrical cur-
rent through the junction, interfaces between dielectrically different
media wil) be important to constrain the spatial extent of the radiation
field. Such self-sustained electromagnetic interface modes can exist
provided certain dispersion relationships are satisfied.<1'4) Since the
dielectric properties of metals and heavily doped semiconductors at optical
or infrared frequencies and below are strongly influenced by the collective
oscillations of free electrons, these excitations are referred to as sur-
face plasmons. They are T.M. in character and depend upon the presence
of a negative dielectric coefficient for at least one of the bounding
materials.

Some of these modes couple strongly with tunneling electrons due
to their large dipole moment. For suitable conditions they also couple
efficiently tc an external electromagnetic field. This coupling can be
accomplished by phase matching using surface roughness, prism couplers,
gratings, or by confining the excitations to finite structures. The
various possible coupling schemes are discussed in more detail in Chapter
IV. In the present chapter, we review some of the basic idealized plasmon
modes and then consider aspects of pahticu]ar importance to potential
energy conversion devices. In particular, we review some recent numeri-
cal results which have been obtained.

I11-1 The Shape of the Resonance

An important factor in considering the interaction between electrons
and surface plasmons is the lire-shape of the resonance. This is given
by the rate of change in energy, as a function of frequency. Consider
the introduction of a small amount of charge Ps into a surface plasmon
system. This can be experimentally accomplished by transmitting electrons
through a thin foil. The total charge T which consists of this in ad-
dition to the polarization charges induced is still zero. For freqguencies
where the electrostatic treatment is valid, the normal component of the
electric field is equal and oppcsite on opposite sides of the surface.
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The latter are related to the charges by: OF POOR QLAL

Eg-E =0 (111.1.1a)
eobg * €1E) = p¢
e Eo = pf/(c0+ei) (I11.1.1b)

where Eo and E, are the normal electric fields. The rate of change in
energy of surface plasmons is given by:

AU = Re J av e 2
x J dv Re[-iwp% (eo+cl)*]

= J dv Re[-iwp%/(eo+el)]

() (111.1.2)
« Im I11.1.
Eg*e)
£
Hence the line-shape is given by Im( ga ). For example, for the Drude
€01

model dielectric function ¢ (1 - /w ) » the quartity (c ) has a simple
zero at w = wp//?. The 11ne shape is thus given by G(m-m //Z) A more
realistic dielectric constant is that for a low-loss p]asma For

w > 1 , where £ is the mean collision time, this can be written as:

3
U)z (1)2
e, = gol(1 - ;59) - ;%; ] (I111.1.3)

£

Ec ) is significant, the latter

For frequencies near w_/vZ, where Im(
P €07t

can be written as:
( €0 )« i
€0*€1 (w-wp//7)2+(J§745)2 (111.1.4)

Im

that is, a Lorentzian line-shape with a peak at w = mp//?, and a full

width at half maximum of 1/¢. In rial metals, an approximately Lorentzian

line~-shape is obtained from Im( ——1), at least on the low frequency side.
€0*e1
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On the other side this is usually complicated by interband transitions.

For a simple metal-air jnterface the resonant profile is that of the "
bulk resonance (given by Im(1/c,)) shifted to a frequency mp//f. This

bulk resonance is shown in Fig. (I1I-1) for illustrative purposes.

Additional data is available in Ref. (5). Table 1 shows basic data for

several of the important bulk resonances.

111-2 Idealized Lossless Plasmon Modes for Some Important Structures

When one discusses the lineshape as in the previous section, the
dispersion is neglected; that is the dependence of the resonance fre-
quency on the wavelength of the radiation. This thus gives the resonances
for the portions of the dispersion curves that are independent of £.

To discuss the important aspects of such modes, the full dispersion
is extremely important particularly since one generally is away from the
resonance frequency. In this section we consider a variety of ideal modes
which are basic to tunneling devices and potential coupling devices. To
deduce these dispersion relationships we initially neglect the influence
of loss. In the following section this (loss) is considered for two of
the modes of importance. Recent numerical calculations being carried
out to more fully investigate the modes of importance within the junction
devices themselves are also considered.

The simplest interface is a metal-dielectric plane, as illustrated
in Fig. (II1-2). The dielectric constant of the metal is £1s while that
of the adjacent medium is £g° Consider an electromagnetic wave traveling
in the z-direction, parallel to the surface. Since a surface mode is
desired here, the fields are assumed to be exponentially decaying away
from the boundary, x = 0. With this assumed form, the tangential com-
ponents of the fields are written as:

for x > 0:

E, = Ay exp(iwt-ikz-vox) (111.2.1)
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for x < 0:
E, = Ay exp(iwt-ikz+le)
jwe
_ gy
Hy = (HIE,
£ =Ky = kg (111.2.2)

X Tﬁel y v 2

where A0 is the field strength, k is the propagation constant, and
NG kz-wzue in the respective media. The dispersion relationship be-
tween w and k, obtained by applying the boundary condition of continuity

of these components, is given by:

£ €
0. %
—Z4+—==0 (111.2.3)
Yoo V1

Since Vo and v, are assumed to be positive quantities, it follows that
€0 and 2 must be of opposite sign.
The dispersion can also be written as:
€.

k2 = whueg (-E—E{E—f) (111.2.4)
Of particular interest are those frequencies for which by 7 omtgs and thus
k + », These are the resonance frequencies of the surface plasmons.
For real metals, £ is in general complex; k obtained as the solution to
Eq. (I11.2.3) or Eq. (I11.2.4) is also complex, k = f-ia. The decay !
length or range for such surface plasmons, & = 1/a, which is usually
very long below resonance [7,8,9] is discussed in the next section. The o
resonance frequencies are still given by ci = =igs where ci is the real |
part of €y
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The dispersion obtained above can be expressed in an explicit form
using the Drude model for the metal, where the dielectric constant is
given by:

2
w
1 0 wz ]
\
where w_ is the bulk plasma frequency: wﬁ = ggﬁ . Eguation (I11.2,3) and
Eq. (111.2.4) can then be written as: 0
2 2
W =W
k2 = WPy (-h—) (111.2.6 )
W, ~ 2w
p
whue W
Pueg = (K + 20 - [(kF) + (0 1 (111.2,7 )

The resonance frequency is w_/vZ . Such dispersion is representative of
ideal metals, and is illustrated in Fig. (111-3),
For the model above, Vi which indicates the decay into the metal

and is approximately w /uco for w .~ Wy which for typical metals is of

the order of (1000 R)-I! Such thicknesses are not uncommon for metal
film electrodes in metal-barrier-metal junctions. The interaction be-
tween the fields of the two interfaces is then significant, and the
description of the surface plamon mode as a single interface mode becomes
inaccurate. Both surfaces must be considered in order to correctly de-
scribe the dispersion,
The penetration into the air above the metal is similarly given by
Vg * ﬁi(wJﬂEa) for w < Wy and is thus typically 10x for aluminum through-
out th8 visible region. This however does not take relaxation into account.
A modification of the simple interface of Fig. 111-2, the dielectric-
metal-dielectric structure, is illustrated in Fig. I11-4. The fields in
the dielectric regions are again decaying exponentials, whereas those in
the metal are a combination of growing and decaying ones. Due to the
symmetry of the structure about the mid plane, the fields must either
be symmetric or antisymmetric. The dispersion for these two branches is
given respectively by:

P
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Fig. III-2. Schematic diagram of an infinite-extent
planar interface between vacuum and a
metal. The region above the y-z plane
is occupied by free space of dielectric
constant e, and that below is occupied
by a metal of dielectric constant €y
Surface plasmon excitations are assumed
to be propagating along the z-direction.

-47-



ORIGINAL PAGE 13
OF POOR QUALITY

Fig. 1I11-3.

6 8 10

Dispersion of surface plasmons on a planar interface
for an ideal metal. w is normalized with respect to
W and k with respect to mp/c. The dash lines
represent the 1imits given by w = kc and w = mp//f.
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Fig. 11I-4. Schematic diagram of a vacuum-metal-vacuum
planar structure. A metal film of thickness
d occupies the space between x = +% to x = -%.
Surface plasmon excitations are assumed to be
propagating in the z-direction.
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(36) + tanh(vld)(QI) = 0

(111,2, 8)
zann(vld)(if,%) " (-’%) = 0

For small values of d, the branches behave significantly different from
the single surface mode. The dispersion for the symmetric branch becomes
further relaxed, while that for the anti-symmetric branch becomes closer
to the porpagation mode in free space. The resonant behaviour is
however very similar in all cases, with the same resonance frequencies.
For the simple Drude mudel, the dispersion of both branches are illustrated
in Figs. (I11-5) and (I11-6).

A closely related but important structure for tunneling junctions is
a metal-dielectric-metal gap occurring in the junction, as illustrated
in Fig. (I11-7). Here only the antisymmetric branch is of interest, since
the potential difference between the surfaces along a path perpendicular
to them is zero for the symmetric branch, and therefore has 1ittle effect on
device operation. From Eq. (111.2.8), the ¢igpersion can be written as:

“0) + tanh(vod) (<L) = 0 o

() * tanhlvgd) () = (111.2. 9)
The field configuration and the derivation of this is given in Appendix (11).
For very small gaps the phase velocity is much smaller than the speed of

Tight. The dispersion is approximately given by: vg + (vyeq)/ (-0 d). Furthermore,
vl.((GZ-wzusl)é), can be approximated by § in some cases or by w/ia/-bl

in others resulting in two approximate but useful expression for {£. Assuming
Vg = B since 8 >> w/peo one obtains respectively

124

£
(:-g-i-)/d B (111.2.108)

B

and

Bz = wpéco/«-el)id) b Vg E w/pol-clf s w «ﬁEa s Vo © B (111.2.108)

P

[P S R
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Fig. I1I-5. Dispersion of the symmetric mode (a) and the anti-

symnetric mode (b) of surface plasmons on a planar

ideal metal film. The thickness is given by (mp/c)d =9,
w is normalized with respect to Wy and k with respect
to (w/c). The dash line represents that of excitations
on a single planar surface.
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Fig. 1I11-6. Dispersion of the modes for a thickness of
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Fig. III-7. Schematic diagram of a meta]-yacuum-meté]‘planar
~structure. A free space gap of width d occunies
the space between x = +g-to X = -%. Surface

plasmon excitations are assumed to be propagating
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In the second case, the penetration into the metal is of the same order

as for the single surface mode. It iz Lnis latter case which is most
prevalent as will be seen. These expressions are valid for w << w_, where
wy is the plasma frequency. The resonance frequency for the Drude model
is again given by”wp//i, and the behaviour near resonance is very similar
to the cases previously discussed. The dispersion using the Drude model
is illustrated in Figs. (II1-8) and (II11-9). The circuit properties

of this mode are discussed later in terms of its important role in the
coupling of radiation to metal-barrier-metal junctions.

Although only planar structures have been considered here, the surface
modes have been considered for other geometries such as the right circular
cylinder and the ellipsoid of revolution. These could eventualiy play
an inportant role in the coupling of radiation into tunneling devices.

Recently the plasmon resonance associated with spheroids and ellipsoids
have become important because of the coupling through surface periodicities
and roughneés. This resonance follows straight-forwardly from the problem
of a dielectric sphere in a static constant field. If EO is the field
amplitude outside of the sphere then the potential inside the sphere $in
is given by

i =-—53—2 Eqrcoso (111.2.11)

For a dielectric constant which is negative and in particular given by

the Drude model one observes that there is indeed a resonance. This has
been investigated recently by Liao and others for the enhancement of the
Raman effect, as well as the coupling to luminescent junctions in periodic

arrays(lo).

I11-3  Propagation Length Limitations Due to Loss

In all of the idealized structures considered in the previous section
the neglect of the loss is the most important approximation which has
been made. For a tunneling converter, the stimulated absorption due to
the tunneling irénsition must be much larger than the absorption due to
the dielectric iosses. The latter of course implies conversion to heat
and hence a decrease in the efficiency of the device. As we see in this
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Fig. 111-8.

Dispersion of the anti~symmetric‘modegof‘surface plasmons in
a small planar gap between ideal metals. The width is given
by (wp/c)d~= 0.10. w is normalized with respect to W and
k with respect tog(mp/c)‘ The dash line represents that of
excitations on a single planar surface. The phase velocity
for w + 0 is approximately 0.022¢c.
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Fig. III-9. Dispersion of the mode for a width of (wp/c) d = 0.04.

The phase velocity for w + 0 is approximately 0.014c.
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section, this implies severe constraints on the junction devices, since
the gap mode in particular propagates a very short distance.

The most straigﬁt-forward means by which to examine the loss is to
include relaxation effects in the dielectric coefficients of the metals
and the semiconductors. The simplest expressions by which to estimate
the resultant propagation lengﬁhs are Eq. (II1.2.4) for the single surface
plasmon and Eq, (I111.2.10) for the junction mode. The former provides the
exact propagation distance, however the latter is an approximation, first
of all, assuming that the same dielectric occurs on both sides of the tun-
neling junction, and secondly that one is not too close to the plasma
resonances of the dielectric materials,

One assumes that the dielectric behaviour is described by

ey(w) = e (1-uf /(uPHin/z ) (111.2.12)

m m

where € Wiy and gm are the ideal frequency independent dielectric constant
as w + =, the metallic plasma resonance frequency, and the relaxation time,
respectively. One can then obtain approximate expressions for the propagation
distances for various frequency ranges (a) the low (b) intermediate, (c)
relaxation and (d) resonance.
a) Low Frequencies (wgm << 1)

For low frequencies el(w) = iemw;gm/w = iom/w where o is the d.c.
conductivity. Then Eq. (111.2.4) gives for the propagation length of the
single surface mode k" (k=k'-ik")

w12 Mo (-1 ‘
K" = 1K (omj/;% ) (111.2.13)

and k' = k = wiigy . Thus K"/k' = 1K) (o, gg)'1 a long distance
"0
(cm z 107, thus (k")'1 = (106)X cm). :ThE penetration depth into the
metal redyces to the skin depth and the penetration into the air is given
by v, = w uéeo/(xmi)i = .01 ky for w = 1013 rad/sec.
The metal-barrier-metal or gap mode propagation distance follows from
Eq. (II11.2.10b) and in the low frequency conductivity limit gives for

k = k'-ik"

2
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K = -—?979~(.92 - §.38) (111.2.14)
d o

where the .38 and .92 are respectively cos(g) and sin(%JQ The most
striking characteristic is the w* dependence for both k' and k",

Thus the real part of k in this region is approximately 2. 4 times
the imaginery part and the ratio of k' /k0 (2, 42)k“/k 1/(d “”o m)J

(é/d)’ The propagation distance is thus of the order of ( )’ which

is about 10 ZA at 1012 radians per second, an extremely short dwstance
(=18um)
b) Intermediate Frequencies

At higher frequencies for which the real part of the dielectric
begins to contribute significantly the expression (2.14) for k of the
gap mode is replaced by

244
(.)‘}lne,o ) -
= ;?;:—“ (cos(g win/4) i s1n(g ‘““m/q)) (111.2.15)
T
where uﬂm‘<<'1
3 This shows that the rea1 part continues to increase as approximately

w4 but that the imaginery part increases less rapidly with increasing

frequency. Ifz,m is long enough, k" can in fact decrease and thus the
propagation distance can remain constant or decrease slightly, For room
temperature this is not expected to be observable. For the single
surface mode expression (2.13) given above is still valid in this fre-
quency region.
c¢) Re axation Region

. This corresponds to frequencies for which the real part of the dielectric
becomes comparable to the low frequency conductivity contribution or is
the dominant contribution. This is expected to be the most important
region with regards to convertors since this, aside from interband
absorption, is applicable for the optical portion of the spectrum. The
dielectric coefficient can be approximately written as |
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gy (w) = +em(»;$ + r{%—-) EP Q

. (111.,2.1€)
wh
where it is assumed that win >> 1,
Then one obtains from Eq. (I111.2.4) for the single surface mode
ko(l ) + 'l '2———(-&:—)‘ (111.2.17)

where ¢ is the speed of 1ight. Consequently the propagation distance is
roughly a constant of the order of 3 um for a relaxation time (&m) of
the order of 5x10° -15 sec. Since for metals g ¢ € the propagation distance
is roughly given by the relaxation time in wave numbers,

In this region of the Spectrum the penetration of the mode into the

dielectric is given by Yo = K ( )i w~ ,» the high frequency limit, and
“n Y

the penetration into the metal is given by Yy ® w/liz ‘w)

For the gap mode Eq. (111.2.10) with this approximate value of
el(w) gives

2 23 ) .
K =”='u)uéeo/(c';‘dwm)(lﬂ(7&'6)) (111.2.18)

One expects for ow >> 1, the real part k' to be proportional to w
and k" to be approximately constant and given by

(k') = w(ug/e,) ed/ (dg,)?

(k") = i ; 4"15 e (111.2.19)
(%ﬁ'& d* 2(c; ) (107°) |
assuming k = (m /c ) 0 en ! , d - 1077 em and b © - 10715 g To

observe the constant k", m must be long enough to al]ow this reagion to
be observable without having the wing of the resonance peak dominate the
behaviour.
d) Resonance Behaviour

For frequencies for which the influence of the resonance comes:into

play, one can assume in Eq. (I1I1I.2.4) that gy in the numerator is given
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predominantly by the real part and that this is approximately given by
=€5- One then obtains

3 2
WLHAE
2 e 00 1 (I11.2.20)
(c0+cm)2 W
(w-wrﬁ-(-u—-x—-‘;—»-)
m ““m
which displays the resonance profile shown in Eq. (1.4) where Wy, =
En 3
wm(-E—;E—) . This expression can be used to obtain the propagation
" ° o “ch“mgm :
distance. At resonance this js wr(_E"?E""" Eqs. (2.10a) and (2.10b),
0 ™m

although not expected to be strictly valid, show that the gap mode displays
a similiar resonance determined approximately by Re cl(w) = 0, that is,
close to w_. These two expressions (2.10a and 2.10b) become

m
£
R PR 2 zlm (111.2.21)
m 2,2 . m
(-utuf-i4z0 )
m
and
u%
g2 sty O L (111.2.22)
d E:‘l 0 ( _m2+w2_.i (wm) ) Fl
m o
1€
The first predicts that at resonance 8' = 0 and p" = é‘;g(ﬁm“%) and

m
: N |
that a Lorentzian profile is obtained. The second gives 62 x TF(mmgm)éuo% X

£ o
—%(-i)£ so that |g"| = g' and above the resonance the character of the
€

m
mode changes. It is this latter behaviour which is found by solving

numerically.

In Fig, (1I1I-10), we have shown propagation distances for the open
surface mode and the junction mode using numerical evaluation of expressions
(2.4) and (2.10b) for the case of Indium (hwm =1leV, £ © eo). One
observes that the propagation distance of the open surface mode is tolerable
throughout the visible portion of the spectrum at room temperature (~ 50. ym).
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The gentle rise throughout the visible is due to the resonance which is
more pronounced for the single surface mode,

Below resonance the relaxation results are extracted for w <« Wy
Eq. (2.22) gives Eq. (2.17) as is seen by expanding the denominator,
Eq. (2.21) gives

1% w2, . ] ORIGINAL PAGE 9
g, 7 g)  OF POOR QUALITY (111.2.23)

which provides a quadratic dependence on w as might be expected in the
blue portion of the visible spectrum,

For the case of a metal there is considerable advantage to cooling
since the relaxation time increases with a decrease in temperature, and
this is proportional to the propagation distance. In Fig. (I11-10), we
list the propagation distance for the open surface and junction modes as
a function of the relaxation times and show that the propagation distance
is enhanced considerably. There may be additional inherent advantage to
running the junctions cooled to obtain such relaxatjon times. One would
expect the tunneling characteristics to be more ideal as the temperature
is lowered and thus it would be expected that the transition probability
for the absorption processes should increase slightly with a drop in
temperature.

There does not appear to be much data available in the literature
relating to the temperature dependence of the relaxation times of metals.
However the data which is available does indicate that the relaxation
is in fact phonon dominated and can thus be considerably lengthened by
opefating at reduced temperatures, and in particular the photon pump
processes might be able to exceed thermalizing processes reasonably well
but that the propagation distance of the junction mode is extremely

short (= .5um). More work needs to be done to investigate such relaxation

processes at lowered temperatures.

I11-4 Numerical Solutions

We have in addition to the above analytical approximations to the
junction mode, numerically obtained the dispersion characteristics of
the gap mode. This is appropriate when the dielectric material on one
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side of the tunneling barrier differs from the material on the other
side of the barrier or for more complicated barrier structures that will
probably .eed to be considered in the future. For the case which we have
explicitly considered, the dispersion expression is given by

£ £ € € Yod £ c £ £ =¥vd
SLyis| sl , oM ST . Lo st | AL M I

YiooYs| |Y1 m Yo Ys| |1 M
‘ (111.4.1)

where the transverse propagation constants Ygr Y10 Yy are given by

¥ = [62 - wzuoc]’ with Re(R) > 0 and Epe Cpr g the dielectric constants
of the respective regions shown in Fig. (I11-7). They gre ;aken to be
em(w) = em(l—w%/(wz+iw/cm)), €] = € and cs(m) ts(l-ws/(w +iw/cs)),

n -

where Bgs Wer e W are the relaxation times and plasma frequencies of the

semiconductor and metal respectively, and ¢;, ¢, are the ideal frequency
independent dielectric constants as w - o~ in this model. Fig. (111-11)

i1lustrates an example calculation for a dispersion curve using this

numerical procedure. For this particular case W, was arbitrarily chosen
for Aluminum (hwm ¢ 1leV) and the behavior is dominated by wg and G
A relaxation time ;, = 4.0 x 10713 gec. was chosen as well as hu_ =

S
.35eV (heavily doped semiconductor (= 5x1020cm'3)) and £ =1 x 10 Hsec.

The relaxation times are approximately 1_02 t0 103 1ongersthan expected
but should be achievable by cooling to reduce phonon domination. These
results should thus provide an indication of typical behavior expected
of cooled metal-barrier-heavily doped semiconductor devices. One observes
a much reduced loss. Fig, (I1I1-12) and (111-13) show similiar calculations
for A]-AIZOB-Ag and A1-A1,05-A1 junctions respectively. Fig. (111-12)
also indicates the various regions of the dispersion curve.

The log-log scale clearly illustrates that at low frequencies one

observes the w3/4 dependence as suggested by Eq. (I111.2.14) with the real
part being greater than the imaginery part by approximately a factor of
2.5. At higher frequencies for which the real parts of the dielectric
coefficients contribute significantly along with the imaginary parts
(relaxation region) the dispersion deviates from such a dependence. One
observes an w dependence for ' and an almost frequercy independent f"
(as expected in the relaxation region).
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111-11 Numerical solution for the dispersion of an anti-symmetric
pﬁasmon mode for a 10 R barrier junction with the metal plasma
frequency, wy = 11 eV and wg the plasma freauency of the second elec-
trode representative of SnTe (.35eV). The relaxation times chosen

are representative of a cooled device (=10°K).
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One observes from Fig. (I11-12) that for hw = leV, one is in this
intermediate range between the relaxation behavior and the resonant
behavior. A value of B" of approximately 2x108 M1 or a propagation
distance & .5 um for the Ly & 6x1071° sec can be expected. This is a
reasonable propagation distance with respec: i. the absorption which could
be anticipated from relatively nonlinear device. (see Eq. 11.5.6). This
propagation length, also in good agreement with Eq. (2.18), could also
be lengthened by cooling. Since the relaxation time decreases linearly
down to the Debye Temperature, |8], and as T° thereafter Eqs. (I11.2.18)
and (I1I1.2.22) indicate that by cooling to approximately 10° K the pro-
pagation distance is increased to at least 200 um and thus the tunneling
transition rate can easily compete with the plasmon propagational loss.

There are two other parameters which are significant when one is
concerned with maximizing the transition rate associated with the tun-
neling phonomena. The first is the confinement factor or the fraction
of powei that is fldwing within the tunneling layer. This can be large
and can exceed unity since the negative dielectrics cause reverse power
flow. For the region of interest, Fig. (111-11) indicates that this con-
finement factor C is close to unity. The power confinement is excellent
although the energy is principally stored outside of the tunneling
barrier. This is of course due to both the large negative dielectric
coefficients as well as the longitudinally directed electric field com-
ponent of the plasmon mode. The latter becomes important near the
resonant frequency of the mode. The question of power and energy confine-
ment needs more consideration. o

The second parameter of importance is the slowing factor, the ratio
of the speed of 1ight to the energy velocity associated with the mode
and defined in the first chapter. One observes from Fig. (III—ll) that
this exhibits divergent behaviour at lTow frequencies due to the influence
of the conductivity but that for the frequency range of interest it is
reﬂatively constant with a value of 200 confirming the number used in
Chapter Il to estimate the absorption coefficient due to the converting
transitions. We are presently in the process of calculating the dispersion
characteristics utilizing more accurate values for the dielectric para-
meters as a function of temperature. In addition, in the visible region
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of the spectrum, for most metals sinceiinterband transitions add at least
a small amount of additional absorption, these are being included in the
calculations. Finally more complicated multilayer tunneling structures
having the form of metal-semiconductor-tunneling barrier-semiconductor-

metal might have to be considered and present more difficulty in calculations.
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IV COUPLING BETWEEN FREE SPACE RADIATION MODES AND JUNCTION SEW MODES

IV-1 Introduction and Qverview

In order to extract energy from free space radiation modes, such
modes must be coupled with low loss to the well confined surface electro-
magnetic junction modes. The coupling devices required to accomplish
this mustibasicallyfguide the incident field from dimensions of the order
of microns to dimension of the order of Angstroms, a four order of
magnitude change in the confinement distance. It is quite likely that
this coupling will involve the intermediary of a single surface plasmon
wave. Thus the coupling will involve two steps; the coupling of free
space modes to single surface SEW's and subsequently the coupling of
these to the highly confined junction modes.

Thus one must basically consider three problems involved with the
coupling. 1) The coupling of the incident field to a guided single
surface electromagnetic mode; 2) the coupling of the single surface
electromagnetic mode to the confined junction mode, and 3) the coupling
of the junctionmode to the electron tunneling current. ‘

In the present chapter we wish to consider the first two coupling
problems and report on the progress which has been made to alleviate
them involving both our own efforts and those of other groups.

An overview of various coupling schemes which have been reported
is shown in Fig. (IV-1). In the first three the technique is to obtain
an overlap of the free space radiation modes propagation dispersion relation-
ship and the dispersion relation for the plasmon modes. In the last
Fig. (IV-1(d)) the diffraction pattern of the plasmon mode from an abrupt
termination is utilized as a radiative aperture for the coupling. The
first is analogous to integrated optical coupling (the Otto configuration(l))
The prism refractive index n is large enough to allow the radiative
mode phase velocity %% to exceed the plasmon mode phase velocity. A finite
angle 6 is thus obtained for an intersection of the two dispersion curves
and hence the possibility of coupling. In the second technique (the
Kretschman configuration(2 ), the plasmon mode on the bottom surface
of the metallic film is evanescently coupled to the radiative mode
utilizing the exponential decay in the metallic film. The length
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IV-1  Various techniques for coupling to the surface plasma mode.
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confinement coupling of Fig., (IV-1(c)) is easily understood in terms of
the uncertainly relationship AkL > 27, Thus Ak > (2n/L). This smears
out the dispersion curve and causes an overlap with the light Tine and
hence coupling. The lobe pattern results from the detailed spatial
frequency spectrum of the confined mode,which has a total width of Ak.
We shall consider this in detail subsequently. One observes that if the
length is infinite the SPW does not radiate in this configuration. Various
combinations of the above schemes are of course possible, in particular
Tength confinement and evanescent wave coupling. Length confinement
results in side lobes on the evanescent wave coupling characteristics.
Similarly, the boundary conditions associated with the end coupling
characteristics will influence the length confinement mode pattern. The
prism coupling schemes to date have not achieved adequate coupling for
efficient energy conversion (on the order of a few percent)(3). although
it is felt that optimization could increase the coupling to acceptable
levels.

Prism coupling using end radiation has achieved the highest coupling
efficiency of any method(4). Lysses are due to-parasitic scattering and
inefficient mode pattern matching. It is felt that this method is
potentially promising for efficient coupling, as optimization reduces
to edge preparation and mode matching by a suitable lens. It is also
only slightly frequency dependent.

Length confinement as an extension of antenna theony( takes into
account the high frequency dielectric behaviour. It thus should prove
possible to have well designed antenna arrays for matching to the
radiation field and thus these should be potentially efficient couplers.

Grating coup]ing(7) has also been used for coupling single frequency
radiation to the SPW, but suffers from low efficiency due to reradiation
and coupling to higher order modes. Grating fabrication, being a planar
process, is however directly compatible with thim film technology which is
advantageous for the construction of thin film energy converters and

5,6)

progress has recently been made on increasing the efficiency at submilli-
meter wave]engths(7). Gratings are producible through direct photolitho-
graphy, laser interference, or laser photodeposition(S). The latter method
shows promise as the SPW coupling is optimized, i.e. the grating profile
grows in such a manner as to maximize the SPw‘intensity in the presence of
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a radiation field, It has been shown that in the presence of dielectric
loss, total absorption of the monochromatic incident wave is possib]e(g)
with a suitable grating profile. As in the evanescent coupling schemes,
however most of the energy is absorbed in the materials, hence actual
mode conversion efficiency is low.

The strong dependence of coupling angle on frequency makes periodic
gratings unsuitable for wideband couplers. Related methods, e.g. aperiodic
gratings and surface roughness(lo), show some promise in this application,
but again coupling efficiency is fundamentally lTow. Nonlinear optical
surface studies 1) and invéstigations of laser ijnduced surface gratings(
have recently been reported and should result in development in this area,
In addition enhanced plasmon mode coupling to an array of junctions at
visible wavelength has recently been reported 13 . ‘

In the present chapter of this report we consider primarily length
confinement coupling since this is the area in which our concentration
has been. We briefly consider taper coupling which can provide efficient
conversion from the single surface plasmon mode to the well-confined gap
mode and which we are continuing to pursue. In the final section we report
on recent theoretical investigations involving grating coupling to the
single surface mode.

12)

IV-2 Length Confinement Coupling on a Planar Structure
Although a true surface mode on an infinite surface does not inter-
act with the radiation field because of a lack of phase-matching, for
a finite structure such a coupling is possible. In this section we show
that such surface plasmon excitations on a linear structure properly
reduce to conventional antenna characteristics at low frequencies. It
is also demonstrated that such plasmon excitation provides efficient
coupling between the radiation field and a metal tunneling structure up
to a frequency at least as high as the plasma resonance. We have calculated
the radiative patterns of such length confinement coupling characteristics.
The ideal structure of interest is that shown in Fig. (I1V-2(a)). For
simplicity we consider a planar geometry for the plasmon mode on the
boundary. Such a structure supports surface modes in regions A which are
coupled to the radiation field, and an antisymmetric "gap" mode in region
B which can be efficiently excited by conversion from the former mode.

-74-




+L

~

ORIGINAL PACE 1S
OF POOR QUALITY

i
N

/

..[_[
y
0 + L
(a)

N
\

(b

—>

)

N

\

A
\

J

'

N
§\>

\\}\, mzvz
W

P
@]

N”.

\

IV-2  ldealized metal-barrier-meta) coupling structure

75

x



ORIGINAL FAGE 19
OF POOR QUALITY

The basic surface plasma mode is that propagating along an infinite
plane surface separating two regions with dielectric constants £y and
€p respectively, as shown in Fig, (1v-2(b)), From Chapter 111, the
dispersion of such a mode at frequency w is given by:

(51/\’1) + (92/\’2) =0 (1v-1)
where v in each respective region is defined by v2 = k2 - wzue, and Kk
is the propagation constant for the mode.* For real metals ¢ is in
general complex due to losses, and k is complex: k = £ - iu. The range
given by 1/2a is usually much larger than a wavelength, except near resonance
as we have seen.

In the region of the gap (region B), which is formed by two plane
surfaces, of the two non-radiative modes which can exist the anti-symmetric
is of interest. It has been shown that the dispersion for infinite
extent of the surfaces shown in Fig. (IV-2(c)) is given by:

(Cl/v?) sinh(vgd) + (ezlvg) cosh(vgd) = 0 (1v-2)

as shown in Chapter 3. The corresponding z- po]arlzed component of the

i(wt- kgx
electric field is given by Ez(x.z.t) = g(z)e /2 + c.c., where
kg is the propagation constant for the gap mode obtained from Eq. (IV-2)

(as above, N kg - wzpc), and the complex amplitude Eg(z) is

£ (2) = £ cosh(vdz)/cosh(vid/2), Sz +g (1V-3)

The magnetic field component associated with this surface electromagnetic

1wE2Ez ,
mode is y-polarized with amplitude (from H ~317—~0 Hg(z) is given by
WEAHE ; ,
Hg(z) = .kz ! cosh(vgz)/cosh(vgd/Z), -g‘ < z < +%
= Hi cosh(vgz)/cosh(vgd/ﬁ) (Iv-4)

Although in general k cannot be expressed in closed form, for
frequencies such that the penetratlon depth into the metal is much larger
than the gap width, which is generally true for M-B-M structures,

* Note: in accordance with Fig. (IV-2(c)) we use €y = £y and 15 ° Yoo
A superscript g is used for the gap mode.. ‘ :
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vg ¥ kg. and vg % /-uwcland one thus obtains the approximate results
obtained earlier and shown numerically to give at least quantitatively
reasonable results:

K2 = (k) - TkIE & Wi (cp/-e) (3) (1v-5)

This corresponds to the relatively fiat region for 8"(w) from Fig. (111-11),
The characteristic impedance of the anti-symmetric mode for a width

2b in the y-direction is given by the ratio of the voltage across the gap

to the current induced on the upper electrode; that is

d
Zg = 2£ Eg(z)dz/(wazﬁi/kg)

= 2(%) a;g ?;éay tanh(vg 1/2) (1V-6)
For the length confinenent coupling of this section one would expect
continuity of the direction of the y-component of the magnetic field
across the gap as indicated on the upper part of Fig. (IV-2(a)). Since
the x-directed component of the electric field in region A becomes the
z-component in region B (the gap) this component is in opposite directions
at z = -z and z = +5. The z-directed component of the electric field in
region A can be calculated from these two conponents since (imezﬁz =

oH
73% = ‘YZHy) where Yo = /kz-wzuez and k is the open surface propagation

vector. This cafiponent one would expect to be continuous across the gap.

With respect to the relatively long wave-length surface plasmon wave in
regions A there is a step discontinuity in the x-component of the electric
field due to the anti-symmetry. Thus one can express the field as

£,(2) = £y sgnz) (e F12]) (1V-7)
Similarly
£ (2) = Ey(72) (e k12]) (1v-8)

where it has been assumed by symmetry that
Ex(z=0) 0 (1V-9)

mn

* A more genera) expression for the characteristic impedance valid for

all d is given by

p ‘
Zg = —3; (tanh(vJd/2) + (v3d/2) (cosh®(v§d/2)))
bwszvg ,
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Similarly one can have plasma waves propagating in the opposite
direction. The relative amplitudes of the two are determined by the
boundary condijtions at the ends as well as the power radiated. The
boundary condition in general results in an end coupiing condition which
can provide strong radiation, We have not studied this aspect of the
problem, but plan to do so in the future since it appears promising and
also is more biroadband than length confinement coupling considered here.
The latter ideally does not allow end radiation since one generally
assumes an ideally terminated open or short circuit. A1l of the power
propagating toward the end is thus reflected back. This is accomplished
by terminating the antenna in an abrupt change in metal thickness (Fig,
IV-3). The impedance change, even in the visible, is large enough to
establish nearly 100% reflection. x is forced to become very small
far away from tiie plasma resonance for b) the short circuit termination,
For a) the "open circuit termination" EZ(Z‘JL) ~ 0, although this can

provide strong coupling from thz end of the metallic antenna.
Using zero end conditions for Ez(z) gives for the fields outside

of the metal

s
s

Ex(z) = Ep 59n(z)[éﬁklz|+é4k(2L'|Zl)] e-Yox (1v-10a)

H(2) = (:’%Q Eo[e'ik|z\-e"k(2L"z‘)J e '0° (1V-10b)

£ (2) = 0 £ fe”TklzlgikiaL-lzl)y 710" (1v-10c)
g€

The fields inside are the same with Ey replaced by rOEO in E ( ) and YO replaced
by -v, to guarantee continuity of H and E. ( ) and p}ov1de a Jump in E,

By virtue of the termination one expects the field pattern given by
Eq. (JOa,b,g) to radiate. To deduce this radiation pattern one can obtain vector
potential A far from the antenna by replacing the surface mode with a complex curr:
The current is given by im(aq‘O)E for the fields shown. Since one expects
Ez(z) to be the influential term, we consider only this component. Thus

JZ(Z) = Q
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for the respective current densities in the two media.

The radiation pattern is obtained by solving for the vector potential
in the Lorentz guage so that only currents determine A and hence the
magnetic field. One observes that the above relationship gives a long
wire antenna pattern at low frequencies. Assuming a width Ly and that
the decay lengths Yo and Y, are much less than a wavelength, one can
obtain an ideal terminated line current source

to w

lz(z) =’i Jz(z)dey = "Fl [Y? €171 0][e 1k!zl_e-1k(2L-lzl)] Anps.
= Ioe'ikLi sin k(L-|z]) (1v-12)
where Ig has been defined by
2wk Y
=40 i}
I T (cl CZ)EO (1v-13)

In the low frequency limit this reduces properly since €y = -j%r,

Y €nld
vy # /78 5 k = w/c and 79 = -j—g— from the single surface dispersion
1
. . . 1 . , _
relations. One then finds I0 = 2Ly06 7 (Amp11tude of the z-component

of the field (%% Eg))» which one would expect. Here & is the classical skin depth.
From the vector potential one can calculate both the radiation fields

and the total radiated power. The electric field in the ¢ direction is

given by

K
I . (cos(kL)-cos(k Lcose))(~9)
(6,r,0) = /2 -2 e TkbsinZ o :
0 2

r 0 ([V-14)
(1~ (= k) cos“0)

and thé radiated power per unit solid angle by

ORIGINAL PATE EZB
OF POOR QUALITY
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exp (-20L) Ty

2
(dPR) i
dn

n 2 | 0
] -3
. 1ol |%

. 2
51n29 5-Lcos(kgL cos 0) - cos(kL)]
1-(kq/k)“cos"6

(1v-15)

The two extreme values of (kO/k) provide two 1imiting cases for the
coupling characteristics. For low frequencies (ko/k) 1 and af << 1,
The radiative pattern reduces to:

(dPR) =N 12
dQ, sz 0

(1V-16)

cos(kOL cos 8) - cos(kOL) 2
sin © .

This is as expected is identical to that of a standing wave long wire
antenna, and is shown in Fig, IV-4. The more relevant case for infrared

and optical wavelengths at room temperature is the high frequency limit

for which (kO/k) <1 and al »» 1. Here the radiation pattern as illustrated
in Fig. IV-4, is given by:

k 2
( R) z D12 ‘_g sin 0
a2 © egpp2 O Tk 1y (ks

2
100 gm0l (1V-17)
O/k) cos“0

The most apparent difference from the Tow frequency pattern is the lack
of lobe structure due to the short propagation length of plasmons at
high frequencies. This alei removes the dependence on L of the radiation
pattern, If 1/8 < L < 1/a, lobe structure is expected to be observed,
but this is in general different from that given in Eq. (IV-16) since
g > ko. |

The coupling of the plasmon surface mode to a laser cavity can be
calculated by a modal expansion using the laser cavity modes. To do
this consider the electric field of the Gaussian mode in the far field

nwEN
(fr] »> 2y = —=—). The far field of the lowest order mode, Eqy is given by
2,,2y
M NV L] €. 5 0 R PR -
‘EOO e exp[ mz(z) JR = r+ jwt) - (Iv-18)

2
“

2
where the normalization is such that~J|EOO| dx'dy' =1 and mz(z)

26 L.
0ﬁ+(20) )
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and 2y = wwgn/k. Similar expression are valid for the higher order modes
Emn: | .
We approach the problem from the point of view of a transmitting
antenna exciting the laser cavity as illustrated in Fig. (IV-6). One thus
expands the electric field excited in the laser cavity by the antenna

in terms of these orthonormal modes of the laser cavity. This is of the
form

E=) a (I1v-19)

mnEmn
where we are particularly interested in 350> the coupling to the lowest
order mode. As long as this is done in the far-field of both the laser
cavity modes and the antenna radiation field, the coefficients ., are
easily deduced. This is assumed to be the x'-y' plane of Fig.(1V-5). The
laser field is assumed polarized in the plane of the antenna. The
coupling coefficient of interest 200 is then given by

+oo
300 =_{“gx'dy'550E0(x‘.y') (1v-20)

where Ee(x',y') is the electric field component of the radiation field of
the antenna. ;

This integral can be easily carried out when the area of the laser
is much smaller than the lobe size of the antenna and assuming that the
codp]ing lens is such that the confocal spot i$ at the antenna as shown.
Then r = R, 6 = |0] and ¢ = 0 and one can separate 300 into a product
of an integral over the laser field and the field of the antenna. Thus

4o [} L] ] 2 ] 2 ] 2
agg = [f g%zgfrzy zglgz wiz) e LX) HY ) w (Z)]EO(R,IOI,¢)
—e v n

- 7 wlz) 2/ Eg(R, [6],0) (1v-21)
{2m)
| L 9R e
In the far field w(z) =@ — = where n is the refractive index
2y Ty

and wgy is the beam radius at the antenna. Thus
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The power coupling to the lowest order mode of the laser cavity is
thus

2 1
2 dPR
Po ® IbOOl (35 (1v-23)
dPR _ _ 7 2 8c2
where g== s given by Eq. (Iv-14) and lbool = xﬁaﬁgﬁ .
0
As an 111us*5at1on of this, the low frequency short dipole of length
dPR 0 2 s1n20 2 2 3
L has (35- ) =4 5 L 5 / where 1, is the current amplitude.
(4we) c
Thus
T2 L% .2 % 1
P‘C = (/E —7 W sin“0y t_) 5 (IV'24)
g

2
Since the radiation resistance of such a short dipole is R = V/ & “ (“’)2 %ﬁ )

for a conjugate match of the antenna the power from the generator is

(ISR/Z) = PA. Thus from the above

(%h)z 3sine
where S is the confocal area of the laser at the antenna nwg. By

7
integrating over all angles ([ sin3e do =-%) one obtains the usual result
O .

for the effective area for the short dipole antenna.

To complete the calculation of the coupling of the gap mode to the
laser field the value of Eq must be expressed in terms of the gap field
Ei by censidering the coupling between the open surface mode and the gap
mode. Once this relationship is established one can apply the principle
of reciprocity which demands that the coupling be equal for receiving
aﬁd”transmitting. Ideally one would desire one hundred percent coupling
of the power from the open surface to the gap. One has Power = Rej‘E H*dx
for the gap mode propagation in the x-direction. For the components E
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K. . K
uc, Hy for the single surface mode and E %, Hy for the gap mode, thus
the one hundred percent coupling constraint implies
1240 < Ya 242
5e; J Iy 1P0x = g [ M| (1v-26)
Single Gap
Surface
we,
One also has the relations Hy = t— E; for the gap (Eq. Iv-4) and
g

72 T2 :
Tk E0 1w52 Hy for the single surface mode.

Since the power flow is primarily outside the negative dielectric
regions, these integrals give for the field amplitude constraints

Wwe we,d k d
e 2 . % 2 _

Thus Hi in the gap can be expressed in terms of EO.

Such a coupling from the gap to the antenna requires a taper design
which can in principle be accomplished for any antenna length. We are
continuing to investigate this possibility theoretically and experimentally.

If it is assumed that Kirchoffs Laws are valid for the termination
(no significant radiation at the junction antenna boundary), then the
junction coupling problem reduces to a transmission line analysis
(Fig. (IV-8)). LettingZ (0) be the impedance of the single surface mode
at z = 0, then the relat1onsh1p between a current source I e‘]“‘t applied

at the gap and I0 is
I, = jlge -k sin kL(1 1

z
Zs 0

J0) (1v-28)

where Zg is the impedance (assumed lumped) of the gap. Thus IO can be
expressed in terms of the driving current amplitude Is associated with the

gap through this relationship.
The impedance of the gap Zg(O) is given by Zg/(itan(kgz)) which for
a short gap is Zg/ikgz. ‘Thus using Eq. (IV-6) one obtains g% ]

1we2 ing
where Cg'is the gap capacitance. ZS(O) the impedance of the antenna is

similarly given by

=K 1 1
25(0) we, by, itan{ke) (1v-29)
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Using Eqs. (14,22,28) one can thus write )

where Z the coupling constant is given by

JkL
= u e 4
Js1n(ktxl+z~(—y
coskL-cos(koLcose)

where f(0,L) is sinze( ) for the case of transmission

1?(k0/k)2cosze

line coupling to the gap mode. As a consequence of reciprocity, one thus has

;= () VE g (1V-32)

as the voltage 1nduced across the gap by the laser field,
since /(; agg 1s the magnitude of the magnetic field within the laser

cavity and also because of normalization correspends to current. Knowing
the value of the voltage-current characteristic of the junction allows

one to thus calculate the rectified signal induced due to nonlinearity.
The above basic approach shows that antenna theory is easily extended

to higher frequencies. These results form the basis for our numerical
estimates of the signals available from the diagnostic heterodyne experiment
considered in a latter section. In the following section we also verify
that for the proper taper one can expect nearly one hundred percent coupling
between the open surface mode and the gap-mode.

Before leaving this section we briefly consider the gap mode in the
présence of electron tunneling and some initial calculations of induced
opt1ca1 voltage using a more conventional antenna approach. For
typical junction areas and distributed tunneling conductance GJ(P /m )
the gap mode is only slightly perturbed by the tunneling. The potential
amplitude induced across the gap by the incident field can be obtained
byéconsidering power flow through the junction for which the relative
phases of the waveforms need not be considered. For the ideal structure
of Fig. IV-la assuming for simplicity symmetrical excitation at the
edges (x=ta) a standing wave gap mode is excited. The distributed
tunneling conductance can then be replaced by an equivalent lumped

-88-



-2ka(a-]x|)

a
conductance (Geff = 2bf G,e dx) in parallel with the impedance
-a

of the gap mode as seen from x = ta, By symmetry the gap mode current Y
must have a null at the center (x=0). The equivalent impedance of the

gap observed at the edge is then Z = Zg/i tan(k _a). This reduces to that

of a lumped capacitance of the same dimensions at low frequencies since
tan(kga) & kga and Z ~ 1/iw(2c0ab/d) (using Eqs. (VI-4) and (VI-5)), but
approaches the characteristic impedance of the anti-symmetric mode at

higher frequencies (tan(kga) + -1),

The equivalent circuit consisting of a voltage source with an internal
impedance driving the above combined gap mode ihpedance has been used to
calculate the optical voltage excited by an external radiation field.

Using conventional antenna theory, the voltage source driving the antenna
has an amplitude 2€;% ¢c, where E. is the incident field amplitude gooﬂﬁﬁﬁmo)
, eJkL . _ . .
and Loff = JEEf(e'L)jigﬁﬁRt is the effective antenna_length which for a
short antenna in the maximum gain direction is given by the shorter of
the actual length L or the plasmon propagation length 1/a. The internal
impedance given by the series combination of the radiative, dissipative,
and reactive impedances is included in 25(0)- The results of such a cal-
culation carried out by Siu for the optical voltage across an effective
tunneling resistance (l/Geff) of 500 ohms in both AL and W structures is
illustrated in Fig. IV-7, For these computations the experimental frequency
dependence of the dielectric coefficients has been included. Since the
dissipative and reactive power in the metal become significant, the optical
voltage decreases as the frequency increases in the region where the
plasmon propagation length 1/o is much longer than the actual length.
As the plasmon propagation decreases below the actual length, the
dissipative and reactive impedances decrease, and since the effective
antenna length also decreases accordingly, the optical voltage is approxi-
mately constant. An interesting phenomenon is observed at those frequencies
where the interband transitions are strongest. Dus to better impedance
matching from the increased reflectivity at the gap, the optical voltage
at the surface resonance in A%, since propagation of surface plasmons
is inhibited. At frequencies above the plasma resonance these structures
behave as dielectric antennas, and the optical voltage developed can be
significant.
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The decrease in optical voltage as the frequency increases from the
infrared to the visible is much less dramatic than that predicted by conven-
tional antenna theory. The ratio of the optical voltages at 10.6 wm and
at 6328 A is approximately 8, both for A% and W, whereas the ratio of
the respective wavelengths is approximately 16. It 15 found
that in the relaxation region the reactive power in the metal becomes
more important than the dissipative pow:r. This indicates that by
properly matching or tuning, the optical voltage can be substantially
enhanced,

More extensive investigations of the behaviour of the optical
vqltage or power coupled into the junction at visible frequencies are
presently being pursued on the basis of Egs. (1V-31) and (1V-32) to
calculate Vi directly in terms of the laser field. The important impli-
cations of an extension of antenna theory through the use of surface
electromagnetic waves are, however, apparent.

IV-3  Modes Along a Corrugated Interface - Grating Coupling Basic Relations

To couple energy to and from a surface plasmon mode at a metal-dielectric
interface, one might consider the use of a corrugated interface region.
Coupling between the bound mode and free space modes is achieved throuah
Bragg scattering from the periodic structure. In this section, the
equations describing the field amplitudes along a sinusoidally corrugated
interface willbe derived, and will be solved to first order in the
corrugation amplitude over the periodicity. Consider first a flat
interface, where the dielectric constant is £ for X > 0, e, for X < 0.

If an incident field is to be totally transmitted as U£ = 0 in the two
regions, the fields can be expressed in the form for p-polarized waves

ikOJEIsinGIZ 1k0/EIcoselx

E = EO(X sinel-Z cosel) e e ‘ X > 0
Koty ~ ikn/E,sin8,2 ik, VE,C050,X o
He-Olpye 01 71 07170 (IV.3.1)
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Using Snell's Yaw /e sine, = /E,sin0, and the boundary conditions
(continuity of the fields in the Y-Z plane) one obtains the relations
/EIEO = VegEy » -COSOjEq = costEp

”.
[4

/e2 coso, ; ‘
hence e ® "cose. Again using Snell's law, one obtains the relation
1 *11

€
1 ..2
I-E;‘sin el

2 “2 2
= . 0 SIR“0, 5 et . (IV.3.:.)
1 1-sinfe, L egtey

€

N

!

(v}

This, as expected, givés the Brewster angle constraint for £p and £y > 0.
If €y < 0 then sinzei1 is positive but larger than 1 so0 coso is imaginery

-~ If the surfaqe is periodically corrugated, given by X = F(Z) where
F(Z) = F(Z+£9) for any integer n, the Bloch-Floquet theorem implies that
the fields cgn be expressed as summations over absorbed grating vectors,

i.e., the grating k-vector given by kg = ko9

[y)

E 7‘1-{ '2‘ En('x\(/fs—l-SiﬂE)l*ng) - 2[51-(/&'1—51'"61_’_"9)2]%

\ . . , 2%
e1k0(¢5i51n61+ng)2 e1k0[c1-(vﬁis1n61+ng) 17X

x o
X>0
_ ckgrzy iko(Ve sing +ng)z iko[gl-(/gis,-nelmg)z]g_x
H=Y Z E. e e
w n
n
et = 7%; E Ep(X(VEpsinB tng) + 2[52-(/Ezsin62+ng)2]£)
eiko(vﬁésinez+ng)2 e-ikofc2-<¢z;sinoz+ng)23%x
. 9ko/E’z' e e1k0(/E§s1n02+n9)Z e-lko[sz-(¢5551n62+ng} 1k
w &N |
(1v.3.8)
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Here i¥ n = O pertains to the surface plasmon mode n = -1 provides
a radiated component into dielectric ¢, and hence E_;/E, is the coupling
coefficient of interest,

To proceed we apply the boundary conditions and use Spell's Law

Define (JEISin61+ng) = JE;51n01" = /EEsinGZ" (Snells' law),
[el-(/EIsin61+ng)2]’ = JE;bosoln, and [cz-(/E;éinﬂzmg)zli = JEEbosQZn.

If o(z) © %;Lf(z). the boundary conditions become
inkgz ikOJETCOselnF(z)

Ey E E, e e ° (SinOlnSinG(Z)-COSOInCOSO(Z))
ink z ~-ik./e,cos6, F(z)
) g 0Y€26050pp e e
E E, e e (51n92n51n6(z)+c0562ncose(z)) .
ink z ik./E.cos , F(z) ink_z =-ikavE,cos6, F(
He:vEySE e 9 ¢ 0 17 1IN =/, JE e 9 e 0"2™"2n
t 1 pon 2 A
(1v.3.5)
Specializing now to a sinusoidal corrugat1on F(z) = R” sin k z , then
@) ) ccoskgz
cosb(z) = -+, sin0{z) = 1 ,
A+e coszk ' ¢€+ezcoszkgz (IV.3.6)

Substituting into the boundary condition expressions above and using a
well known expansitm one ob:fains

e'ldSine = 2 Jm(a) e"m@ . one has

i(n+m)kgz ~ cv"”ko

Ey nzm E, e (-F~—- cosd;,) (csind coskgz-cosoln)
1
i(ntm)k,z  e/E kg s
= ] Ep© g Iy kg ’COSGZN) (c51n62ncoskgz+cosozn) )
| (1v.3.7)



i(n+m)kgz e/—'ko

He: &) 1 Epe Jm(-———k-w-- cosf;.)  ORIGINAL P12E [
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Ve k
i(ntm)k z , © 2
S Lge TR o)
n,m

This can be expressed, using %(Jm+1(“)+Jm-l(“)) = ndm(a). and associating

wave numbers as

/" (N-n)k
Z E JN n( k coseln) (- E:"‘E%EE_" - coseln)
- DBl ED costyy) g > (1v.3.6)
coseo , Formee = COS 0 > 1v.3.8
n-N- n kg 2n /EEKOCQSOZn 2n
and , | GJEIRO EJEEkO
ey z’EnJN-n(—"Eg—' c0s0y,) = Z EnIN-n (—— cos0py)

which must be valid for any integer N.
The system above can be solved in the small ¢ limit. To first order
in e, Ej,Ey are the same as in the flat interface case, and Eys Eys Eqs

E:l, the only other nonvanishing components in this 1imit, can be determined.
The sma11+argument of the Bessel functions is used, i.e., JO(cX) +1,
Jﬂ(ex)'*:'%5 , all others vanish to first order.

The equations for N=0 yield the flat interface relations between

EO, Eé (the terms involving E41, E+1

may be neglected as they are second order in ¢). The equations for N = ¢
are '

evVe, K k
= . - 170 - .
N=1, Et. El( COSGll) + Eo( 2kg COS‘GIO) (VE—I—REETQIO COS@IO,
eVE K k
= E! 20
= El(c05621) + E6( 2kg cosezo) (VEEVBEB%EEB + cosezo) R

-£/%. K

- . ~ 10 9
N=-1, Eq: E_y(-cos8; ;) + Eqf %, °°5910)(/c1k0coselo cos0yq)

(1v.3,9}

C -
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OF POOR QUALITY = E:l(cosoz_l) +Eb(—-2-‘§— c°5620)(75—2_—ik0c0565 + cosezo)

e/ﬁko e/c—z'ko
N=1, 'Ht: /L'_ITEI"D'EO(———ZE;— 005910)] = f(:_é'[Ei'*E")(——'ZE-g—- COSOZO)] ,
e/ k -eVE kg
N=-1, Ht: V’i‘:"l'[E_1+E0(—-2~k—;—-g cosem)] = /_ZTE‘ +EO( 2' cosg, ] .

The radiated component of the field is proportional to E-l‘ The

. (4
equations of interest can be expressed, with E(')= :l EO’
Ve k Er Ve k
€1%0 2 1 €2 0 2 -
- 16086y 4 + —E0[1+——g—— cos 010-/-——2- (1——=— kg cos 620)] = Ellcosez_l,
. ‘31"0 /e €,
"é:E_l 20 [ °°5610"1<“‘ <os6y0] = Ve By (1V.3.10)

These can be combined to eliminate E!;, yielding

VE, K F;1 f"k cos6,_ k
1 2 2 "
Ep | C1
-2 005620 82 .
Using sme10 / ’ cose10 / R , cos@lo - EI etc., one finds
k k )e € Ve,
ey e, + L1 F1 “]* i i 0 B
E 2 "1k, 172 k € k 75 /e +s
-1 _ g g w1+2 g2 (1v.3.12)
: 2 e1+E, ko' J € e1t 6 Kyt

énd 61_1' and 6041 provide the angles for the emergence cf the modes.

When |52| >> |e1| » this reduces to (for ; = 1)

b =
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T % % » and if 2 << 1, (1v.3.13)
9 r2- 9 ]i 0
/blko ko/bl
foe.s & << 1, one finds 12k & o1 ()2 - |
. .y AO y ‘ vy Eo = i2 }\0 -m ko

The coupling for a small € can be substantial due to the large magnitude ,
of /E; . ako is a simple approximation of the coupling coefficient deduced
by Seymour et al‘’’, who have increased okg by increasing £7.

The above results provide detailed coupling parameters. In particular
at opticalofrequencies they indicate that 1% coupling can be achieved
for a 300 A height in the grooves with a spacing of the order of a wavelength.

~ TYhe basic problem with this particular coupling scheme is the

optimal design of the corrugation to prevent scattering into higher
order mod¢.. A sinusoidal grating is in particular not optimal. Seymour,
Koteles, and Stegemen(7) have experimentally demonstrated a coupling
efficiency of 8-9% using overcoated gratings to help confine the radiation
field. This effort was at 118 y and does demonstrate possibilities for
visible frequencies. :

The overall power efficiency for the coupling for the particular
mode can be estimated from the theory of Tien and Uhlwich(ld) for integrated
optical coupling. The coupling efficiency is given by

1-exp[-(B"+ak0)£] 2
n = 280k (F3akg) T ) (1v.3.14)

where B" is the inverse of the plasmon decay length, and & the grating
length. At visible frequencies for which 8" is large n can be = 100%

for 2 §,(ako)'1 however the energy is absorbed. One must guarantee*that

g << B“'l and ako >> g" for efficient loss free coupling. This is difficult
to achieve at room temperature; however, not impossible with careful design.
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An alternative solution to the coupling of radiation to tunnel
junctions is the utilization of tapers in analogy to microwave coupling(ls).
Due to the slow wave nature of the surface plasmon mode and the abrupt
ending of conventional tunnel junctions, a large mismatch in wave impedence
exists between the junction gap mode and the surrounding media. This
implies that little light can be transmitted or received. By gradually
taping the ends of the device a wave impedence transformer is made whereby
the gap mode becomes radiative.

Letting the height of the gap, X0 be sufficiently small such that
only the surface plasmon forward agd backward modes exist in the junction
(a good approximation, as Xg = 10 A) a coupled mode analysis(lﬁ) can be
performed to obtain the coupling coefficient, xk, between these modes. If
k is high, as in the conventional junction, most of the forward wave will
be converted to the backward wave (high reflection) and not much Tight will
enter or leave the device. If k is low, coupling between the junction and
surrounding media is high.

The transverse electric and magnetic fields of the forward anc back-
ward waves, Ea’ Ha and Eb' Hb respectively, may be represented by,

Ey = A(z)éa(x,z)

(1vV.4.1)
H

a A(Z)ﬁa(X,Z)

and

E, = B(z)éb(x,z)
(1v.4.2)

Hy B(z)ﬁb(x,z)
whére A is the forward modal amplitude coefficient, and éa, ﬁa are the
transverse vector modal functions. B, éb, ﬁb have correcponding definitions

for the backward wave. Quantities e, h, are normalized using

- *
[2:8 xR ds = § (1v.4.3)
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m,n = a,b and S is the cross-sectional area of the junction.
Denoting B as the modal propagation constant, the coupled mode dif-
ferential equations 17 governing A and B are,

dA | g b
55 - 18A = ik, B ORIGINAL PAQE 12 1V.4.4
: ba OF POOR QUALITY ( !
%% +i8B = Tk A | (1V.4.5)

where kab is the coupling coefficient from A to B, and kba the same fron
B to A. By assumption, only two modes exist in the junction, therefore
their combined power is conserved. Consequently, kab = kba = k.

In tapered waveguides the guide medium changes as a function of
propagation direction. The varying boundary conditions allow the normally non-
intéracting (different spatial frequency components) forward and backward
modes to couple. As a result, 8, e, h, all become functions of the pro-

pagation direction, z. The coupling coefficient is shown to be given by(16)
. oh |
kba = fZ-enX ""5'2' dS = kab (IV-4.6)
5 ,

The field solutions for the antisymmetric plasmon mode given in
Appendix Il are good approximations for the vector modal functions. The
Timitations are imposed by the boundary conditions taking into account
the !ariation in xo(z) with z. Considering continuity of tangential H
and E,

12 =0 (1V.4.7)

o X
0, 1 SHy

+
0
LEx dz " we Gx]xa (1v.4.8)

Egqn. 7 is as before. Eqn. 8 contains an additional term due to the slopihg
boundary Xq: If this term is small compared with the second, i.e., if

dx . ‘
Ei’&% << i%"ﬁf& vhien the boundary conditions are identical to those of
section (IJI-z). As a corsequence, the aforemeritioned fields become

good approximations to the transverse vector modal functions. Using the
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fields given in Appendix Il , away from resonance where C = 1, we have

- 8 ! o
I [“cbxoLyJ cosh(va'-¢m)x (1v,4.9)
wE:b !_ * A
ﬁb = [ Eiaf;] cosh(va-¢m)y (1v.4.10)
and ORIGINAL PAGE (%
OF POOR QUALITY
. -1% Vs
¢ = tanh =
1587,
b = tanh lf§_m

'Em\)b

~ Comparing the power in the insulator to the total power for the

visible region of the spectrum, it is noted that the fields are concentrated
in the insulator (C = 1). Therefore, essentially all coupling will occur
there, and only the fielsds in the insulator are used to calculate the
coupling coefficient. Using Egns. (6,9 and 10), assuming small variations
of the fields across the barrier,

_ dvp (2vpxg-305)%g

K 2 3 (1v.4.11)

For the visible region of the spectrum, vy may be approximated by,

vb = Xolzzi (¢sw+¢)_moo) (IV-4.12)

¢sw’ ¢mm‘being equal to ¢S. O with ys/vb + 1 and Ym/Vb + 1 respectively.
Using this expression in Egn. (11), one obtains

_ (3¢¢-2vpx0) (95t .0) dxg
6x0 dz

. (1V.4.13)

P g0
For a symmetrical structure ¢sw = %nm and vy = ;5— . Thus
0
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2
, dx w dx
1 2 0 1 0
;_% 0 dz (1v.4.14)

For an exponential taper with profile X = Ae"®? one obtains a peak
value of k of

K =5 Vp¥olar) ®

2
w .
peak ‘15"% A%a = (4x10"2)a (I1V.4.15)
C

with o in cn"l. Here we have taken mp/c ¢ 5x10° cm™! and A = 100 A being
the maximum value of xo for which the approximations are valid. Thus
peak ¢ 40 = 400 cm for o = 10° cm -1, This indicates that an exponential
taper of the order of 3 um in length will gugrantee low power coupling

into the backward mode while going from 100 A to 10 A. More detailed
numerical calculations of the power converted into the backward mode are
presently being carried out.

QRIGKNAL Fﬂﬂr’a EF’
OF POCR QUALITY
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IV-5  Heterodyne Diagnostic Experiment - Numerical Estimates

To investigate the non-linearity of tunneling junctions at high
frequencies as well as the various coupling schemes discussed in the
previous sections we have devised a heterodyne mixing experiment which
uses conveniently available sources in our lab, and provides a high fre-
quency r.f, output which can be monitored on a spectrum analyzer. This
involves the hetekodyne mixing of the output of a water vapor laser with
frequency (11THz) and the output of acarbon dioxide laser witha freauency
of 22 THz. The output frequency wip = 3w 0 We o, should be at
approximately 20 GHz (Fig. IV- 8). The geometry and fabrication of the
devices is discussed in section V-5. The preliminary calculations are
carried out in three stages. First the input coupling is analyzed, then
the conversion efficiency, and finally the output coupling to the spectrun
analyzer.

The first step in analyzing the input Coqpling is to determine the
incident power density. We have assumed 75 mwatts of water vapor laser
power, and 1.2 watts of CO2 laser powér>qvaj1able. Both of these levels
have been achieved in our laboratory. We believe that the water vapor laser
power can be increased, and that 75 mwatts is a conservative estimate.

The 28 um (11THz) beam is to be at almost normal incidence to the silicon
substrate and will therefore suffer a reflection loss p2

-( 51+1) (1v.5.1)
of .274. -The 9.3 um (32THz) beam will be incident at an angle of 40" from the
normal , the difference in angle being determined by the relative
locations of the gain maximum of the antenna at the two frequencies.
At 40° the reflection loss is

‘ S
c0562 ‘"sic°592 2

c0592 +"siC0562

of =

=.210 , (1v.5.2)

where the angles are shown in Fig. (IV-9).

! LeveE
ORIGINAL PASE |
OF POOR QUALITY.

-101-.



ORIGINAL PAGE i
OF POOR QUALITY

. ‘ 9.3 um's
TUNABLE COz LASER
— ‘ 28 um's N
WATER VAPOR LASER \
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Voc ? o
L
SPECTRUM ———— } - P-MOM
ANALYZER

IV-8 Schematic diagram of the heterodyne diagnostics experiment.
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IV-9  Directions of first two lobes in the 9,3 um antenna pattern.
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The diffraction 1imited spot size can be determined from the beam Y
diameter (D), the wavelength, and the focal iength of the lens or mirror
being used for focussing. The radius of the spot is approximately

rp = 1,22 J/Fi+(h)* (1V.5.3)

which is 114 um for the C0, laser and 683 ym  for the HZO laser, The
available incident power‘density at the antenna is then Iine = Praser
ll-p2| X [nrg]'l = 3.7 watts/cm® H,0 power and 2.4x10% watts/cn® €O, power.

In order to estimate the fraction of incident laser intensity coupled
into the antenna structure and hence coupled to the junction, we next
determire VA’ the voltage induced across the antenna, which requires
estimates of the antenna gain at the frequencies of interest and for the
particular antenna lobes of interest.

Consideration pf the true dielectric constant of the metals yields
Eqn. (IV-15) as the analigie of a low frequency antenna calculation. The
magnitude of the first order corrections to kg» is of the order of (m/wp)z
X Kge For nickel , the metal currently in use, (w/w )2 & me"5 at
28 um and 2.4x10'4‘at 9.3 ym  thus k = kO’, Also, the decay length
(the 1ength for which af = 1) is in the centimeter range for both of these
waveiengths. Since all of the antenna structures are much smaller than
this, af can be assumed to be much less than 1.

- With kO/k = 1, and af << 1 for both frequencies of interest, Eq.
IV-15 reduces to the normal Tow frequency antenna result. This implies
that standard antenna theory can be used to calculate the gain of the
antenna structures used in the length confinement coupling scheme. We
have carried out a computer calculation of the gain at 28 um [18].

The results indicate that for an antenna of length L = 5,5), the gain
should be approximately 34 at an angle which is nearly normal to the pre-
ferentially etched edge. At 9.3 pm, formula IV-15 can be integrated
over solid angle to give the total power radiated. cos(k%) = 0 for
antenna of length kgl = 33u so that

\ 2 -
2t 7 [cos(k.LcosON]
=N 12 "0 . .
PR -8—7;2- IO é dd é( SInG )sm()d() (IV.5.4)
\I
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substituting I' = cosd gives

2 41 (cos(33n1)+1)? |
R 4%“ 0 !1 112 dr (1v.5.4)

Splitting llrzy into ?K{-P) + 2(%+P) , Substituting v=1 - T

and w = 1 + I into the subsequent integrals gives

2
PR . i% 15[ é 2 l-c0333nv dv ! cosﬁﬁnv dv]

i% Igl2{In66m+.6772-Ci (661)) - 30 In(132m¢,5772-Ci (1327} ]
2

52( ) (1V.5.5)

The gain at any angle, is then

(%g)(0s¢) _p cos(kglcos0)+l ,
(Peamy " 852 st (1V.5.6)

Maxima in the pattern are near angles for which 15.5ncost = mm,
m=1,2,...;,16. Letting m = 15 yields for the gain of the second lobe
5.44, This gain calculation is for an antenna in a uniform surrounding
medium. In the actual structure, the antenna current is at the silicon-
metal interface, and, according to the results of section (2) radiates
very little into the air half space, The total power radiated should
thus be half of the above doubling the gain to 10.88 at an angle of
24.4°. The radiation strikes the etched Si edge at an angle of 10.7
degrees (Fig. IV-9) with respect to the normal. Snell's law, shows that
the incident angle of light required to couple into this lobe is 40°(0é).
It is not possible to couple to the primary lobe since the critical angle
is exceeded. o

At both 9,3 microns and 28 microns, the response of the metal is large
eﬁough and the junction small enough that the surface plasmon wave gap mode
reduces to the ouasi-static limit of a lumped capacitor. The result is
that the total diode impedance is
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2y = Ry /L = [Ry/cB-gRR /e IIREM 1By (1V.5.7)

where C = 5%5 and RD is the dynamic tunneling resistance of the diode.

Assuring A = 1 umx200A, d = 208 and c,qf 2 yields C = 1.77x107'6 farads

where ¢ Erel is an estimate of the high frequency dielectric constant of the 20 A
nicke) oxide. These formulas lead to the following impedances for the

diode at 28 um and 9.3 um.

Z (2 =[13.82 - j81.96]0 (1v.5.8)
Z, (9.3) = [1,59 - j28.15])Q (1v.5.9)

where Ry ® 5000.
Integral wavelength anténnas have current nodes at the feed point,
This Teads to a large real antenna impedance (500-20002). Shortening
the length of the antenna slightly results in a slightly inductive impedance.
For the worst case calculation, we use a 20002 impedance and maximize
sntenna-diode mismatch, For the best case calculation we assume the
antenna to be slightly inductive to resonate out the capacitive
parts of the terminations.
Standard antenna theory gives
2 VA
Pﬂﬂ = '4‘17 Glinc_ B 'R—"" (IV..5.10)

(19)

for the maximum power coupled to the load. This assumes a load conjugately
matched to the antenna Fromthis formula, one can solve for Va and
calculate the actual coupled power as

2
A°GI. BR. 4
v, = (———-5%:—-9-) and (1V.5.11)
vy 1 12p]
v . (1V.5.12)
IVpl = T‘—Z'TZD

(see Fig. IV-10)
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IV-10 Equivalent circuit for antenna coupling to the load and the I.F.
connection.
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The above numbers yield for the maximum and minimum induced voltages.

Ma X imum Minimum
v (COZ) = 148 mv vD(coz) = 52 my
v (HZO) 90 mv VD(HZO) = 46 mv

Knowing the load (diode) voltages allows us to estimate the inter-
mediate frequency (19,56 GHz) signal generated by the diode.
Using a Taylor's series expansion about the d.c. bias gives

= 3 Lo p(nyn (1v.5.13)
n
where V is the total junction voltage and
1 -2 1V.5.14
" ( )

The n=4 term yields 5 14} « v

‘V43contains the term 4V3(w1)v(wo)e 172

20 GHz term. As a minimum 1'7/, we take Javan's(zo) number of 1

which contributes the
0-6 Ja -

(mv)*

10712 %mﬂfz . Qur devices are noticibly more nonlinear (Fig. IV-11),
mv ‘

"
the sensitivity S = %T“ ranging from two to six per volt, Those

of Javan are in the range of 10'4 per volt. Numerical calculation
gives a minimum of 2x10"12 amps (mv)'a, for the 1(4)
uswng a low frequency I-V curve. There is some
eXperlmenta1 ev1dence(21) which suggests that the planar diodes are more
nonlinear at higher frequencies. In addition, we hope to be able to
increase the device non11near1ty, as already discussed.
Using 3x10'12 amps/(mv) as a reasonable maximum for 1(4) results in

max(19 5 GHz) = 1x10™* amps and I, (19 5 GHz) =0.7x107 -6 amps. The
current is split between the d1ode, and load (Fig. IV-10) as

of our planar dicde,

_ 500
1oad = T1F* S500
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IV-11 Planar junction current-voltage characteristics.
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and so the 20 GHz power launched down the coplanar waveguide is

2
2 2 500
Pri = Toad * 502 = Ijplggp) x 50

Thus for the maximun and minimum values of PTL one obtains

=1.15x10"% mwatts
=2.8x10'8 mwatts

P -3 dbm max

=75 dmb min

TL

n

There are several additional sources of loss in the djode to
spectrum analyser I.F. connection, These include, propagation loss in
the co-planar waveguide (CPW) taper, propagation loss in the coaxial
cable which connects the CPW to the spectrum analyzer, and losses at
each of the microwave connectors. Using the supplied information on
the cables and connectors we have estimated these additional losses
to total less than 7.1db. Subtracting this from the IF power level
sent down the transmission guide yields the final minimum and maxi-
mum expected IF signals at the spectrum analyzer as PSA(19.5 GHz) =
=46 dbm  maximum and -83 dbm minimum.

The Tektronix spectrum analyzer which we have will detect signals
as low as -95dbm, if the bandwidth is sufficiently narrow. At its
widest bandwidth the sensitivity is -65 dbm. Phase sensitive post detection
can also be used to increase the sensitivity further.

These estimates certainly indicate that this particular experiment
should be succesful with out continuous wave water vapor and CO2 laser
sources and our present devices shown in Fig. (IV-12),

: Since the actual structure consists of an array of two diodes

raised from the substrate, the coupling characteristics will differ from
those calculated above. The estimates are not expected to change sig-
nificantly due to the distance between the substrate and the center electrode
since this is of the order of a few hundred X, which is appreciably Tess

than the plasmon wavelength. The thickness of the center electrode is
hpwever less than the penetration depth of the single surface plasmon

or of the same order and thus the mode, and hence characteristic impedance,
will be altered somewhat. In addition, the short stub (center electrode)
causes a phase shift so that the junctions are shifted from an end
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IV-12 Photographs ci metal-barrier-metal tunneling devices fabricated
at Berkeiey. a) Overall view, b) Magnified to show antenna,

¢) Further magnified to show the junction. Antenna width is
1 um. -111-



termination. As long as the resonance condition is satisfied, this
should not appreciably alter the expected signal strength. We are
presently analyzing these two effects,

Finally, shifting the experiment towards optical frequenc1es is
expected to change the results in several ways. The devices and antenna
stfuctures will have to be made smaller or traveling wave junctions will
have to be exploited. Since the plasmon becomes more lossy as one enters
the relaxation region or in the visible is even influenced by the resonance
behaviour of the plasmon, the coupling will decrease., A great deal could
be learned by considering the coupling as a function of temperature at
these short wavelengths. However, it is expected that no fundamentaT
problems exist for coupling at visible frequencies and we anticipate
moving in this direction when our basic results have experimental veri-
fication.
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V  FABRICATION OF JUNCTION DEVICES

V-1 Introduction

In the present chapter we discuss the fabrication of junction devices
presently being used to investigate various coupling and tunneling aspects
pertaining to direct conversion through tunneling.

We have generally been using three configurations for our tunneling
devices: the meta]-oxide-p++ semiconductor, the metal-oxide-ptype semi-
conductor-oxide-metaI junction device, and the metal-barrier-metal
Junction device. The first two have been useful because of their inherently
fast response time and thus for the detection of short optical pulses.
This requires no coupling to the surface mode and is therefore much easier
to demonstrate than a highly efficient direct conversion process. Any
utilization of these junctions to exhibit conversion efficiencies theore-
tically available from tunneling devices will require the development of
such coupling schemes.

The primary focus of the present chapter will be the edge metal-oxide-
metal device presently being utilized in a fourth order mixing experiment
being implemented as a diagnostic tool to measure both the junction non-
linearity and coupling at high frequencies. Unfortunately the metal-
o*ide-metal (MOM) is not a highly nonlinear junction, but it is expected
that it can be improved as fabrication procedures evolve and possibly
by combining it with semiconductor technology. Prior to describing its
fabrication in detail, we present a short summary of the work on the
two other devices.

V-2 The M-0-P-0-M Junction

" The M-0-P-0-M (Fig. (v-1)) interdigitated electrode structure presently
operates well as a fast conventiopal photodetector with a response time
of approximately 50 picoseconds(l). The carriers are oenerated in the bulk
semiconductor by flooding the junction with the incident radiation through
the interdigitation. This interdigitation can in principle be used as a
grating coupling structure for the excitation of surface waves however
this is not essential for the detector, hence its simplicity, although we
have still referred to it as a surface detector. This is the simplest of

-115-



AL
ALY

OR QU

AL PA

ORIGWN
OF PO

"34n32n43s 3pouzdage Le3Lbtpaajut y31m 3d1aap W-0

~d-0-W I-A

APIXQ |auun)

—

[D4SN

IDISN

1
(V=)
—t
-—

]

e S g i,



the three devices to fabricate and will concievably be utilized as a
surface device for possible conversion experiments by attempting this
coupling into the oxide layer.

To fabricate the device the silicon wafer is first cleaned and a thin
oxide layer is grown thermally in a dry oxygen atmosphere. The thin oxide
thickness is monitored using an ellipsometer, typical thicknesses presently
ranging from thirty to sixty A,

Subsequent to oxidation, both aluminum electrodes are evaporated and
patterned using a 1ift-off technique. This particular tunneling device
operates by having electrons tunnel from one electrode through the oxide
into the semiconductor substrate. In order to complete the electron path
from one electiode through the oxides, to the second electrode, free
carriers must be supplied tc the semiconductor either by excitation or by
doping. For the detector, we utilize photoegeneration. For a tunneling
converter this would be a heavily doped layer or even concievably a metallic
layer. We are attempting to modify this structure by zirst laying the
device on a saphire substrate with approximately 3000 A of silicon. Such
a thin Si layer would confine the current path. Requiring no new fabrica-
tion steps, the simplicity of the device is retained, while allowing the
eventual fabrication of these devices on a metallic substrate for the quiding
and coupling.

V-3 The M-0-S (p**) Junction |
There are two important factors motivating the fabrication of the
second class of (M-O-S(p++)) devices. These are expected to have more
nonlinear current voltage characteristics than simple M-0-M devices and
hence provide better conversion characteristics. Secondly the plasma
resonance frequency can be tailcred by doping, thus possibly providing a
means of enhancing conversion characteristics. Three types of semiconductors
(Si, GaAs, SnTe) are heing used. For silicon, thermal oxidation is first
carried out. Subsequently the oxide is patterned, and the silicon ion
implanted to create a p++ region. The wafers are then annealed, and a
thin oxide layer grown and measured as for the M-0-P-0-M devices. The
metal can then either be evaporated or sputtered to form the electrode
structure, If p++ GaAs is used, it is obtained either by purchasing it
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directly from a supplier or by growing epitaxially. $i0, pr Si N, is then
deposited and a window opened through the insulator (Fig. (V-2)). Gay0,
is then grown using the sputter oxidation technique described balow for
the “edge MOM" fabrication procudure. The metal layer wdn then also be
deposited in the sputtering machine without breaking the vacuum.

SnTe has the convenient property that it can be evaporated and still
retain semiconducting characteristics, the resultant fi'm being p++<2).
This allows the deposition and patterning of the metal layer first and
the use of a metal oxide tunneling layer obtained via sputter oxidation,
thermal oxidation in air, or by placing it in an oxygen plasma in an
evaporator. The last method allows the evaporation of SnTe onto the
substrate, or immediately following the oxidation. To finish the device,
the SnTe must be patterned, either by 1ift-off or chemically using HC:.

V-4 The M-0-M Tunneling Junction Fabrication

~ The EDGE MOM is so named because the metal-oxide-metal junction is
formed on the edge of one of the two metallic electrodes. In this con-
figuration, one dimension of the device is thus determined by the thickness
of the metal on whoseyedgé the junctign‘is fabricated (Fig. (V-3)). This
dimension may be as small as 100-200 A. This device is fabricated using
two rf sputtering deposition steps. The first electrode is patterned
using an ion milling machine, and the second with a wet chemical etchant.
In our fabrication procedure for these junctions rf sputtering
has been heavily used. Three different processes are involved: sputter
etching, sputter deposition, and sputter-bias deposition. All three of
these modes involve a plasma whose ions are accelerated into either the
material to be deposited (target), or the substrate, or both. In sputter
deposition, the ions are accelerated into the target where they dislodge
target molecules which drift down onto the substrate. ' ‘

. When sputtering a metal, a purely nonreactive Ar plasma is used. When
dépoSiting 510, (or Si3N4), some 0, (or Nz) must be added to the plasma
to keep silicon compounds with fewer oxygen (nitrogen) atoms from forming.
In sputter etching, the plasma jons are accelerated into the substrate,
with resultant ballistic etching. 1lons are accelerated into both the
target and substrate in the sputter bias mode. This deposits and etches
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simultaneously resulting in smoother, 1ower resistance metal films.

The sputter deposition mode is used to clean each target before the
fabrication process. Material is sputtered off the target onto a blank.
Any absorbed impuyities are then sputtered away before rotating the sub-
strate under the target.

The first electrode consists of an insulator-metal-insulator sandwich.
The substrate is introduced into the sputtering machine, the targets are
cleaned, and the insulator is sputter deposited. If Sio2 is used as the
insulator, the metal target to be used for the electrode material must
be recleaned to remove any nickel oxide which grew in the argon-oxygen plasma.
A thin layer of metal is deposited using the sputter bias mode. It is
important to obtain the best possible metal film during this step, since
it is so thin, typically 200-400 A. The upper insulating layer is then
deposited. The lower insulating film protects the silicon surface during
a subsequent jon milling procedure, and the milling process is easily stopped
before etching all the way through this layer and into the wafer. The upper
insulating layér keeps the two electrodes from shorting. This insulator
must be made thick enough to m1n1m1ze the electrode to electrode capac1tance,
typically greater than 1000 A Photo resist is next spun on and patterned
by standard photolithographic procedures. The first electrode is then
ready to be etched.

The sandwich structure is etched in an ion mill, in order to obtain
smooth vertical walls. This is essential to building devices on the edge
of the metal. The photoresist used to pattern this electrode must be post-
baked at 120° for at least 15 minutes, to harden it prior to being placed
in the jon mill. The Si wafer is also heat sunk with gallium to a
cooled substrate table. If the substrate is not heat sunk, two problems
arise in the etching. First, the photoresist becomes too hot, and
polymerizes, making it very difficult to remove. Secondly, the etching
process is disturbed. The part of the wafer being etched, develops "hot"
and "cold" spots which tend to either etch quickly, or very siowly. This
results in parts of the wafer effectively not being etched, while others
are etched too deeply. The etch process is timed to etch into the lower
insulator layer, but not through it. Etching through the lower insulating
layer results in a roughening of the surface of the Si, making subsequent
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chemical etching of the upper electrode difficult. This problem cannot f
be eliminated by Towering the incident ion energy, as even low energy ion
etching has been observed to cause surface damage(3). '

At the end of a usual etching process, the photoresist can be removed
by ultrasonically cleaning the wafer in acetone. Occasionally, it is also
necessary to do a short plasma ashing to remove the last photoresist
residue. The wafer is now ready for the upper electrode deposition.

Subsequent to the lower electrode patterning, the wafer is returned
to the rf sputtering system. Without breaking the vacuum, the wafer is
sputter cleaned, the oxide barrier grown on the lower electrode edge, and
the upper electrode deposited. The wafer is sputter cleaned (etched) For
two minutes in an argon atmosphere to remove any oxide which may already
have grown on the lower electrode. This also removes a small amount of
residual photo resist if the stripping process has not entirely removed
it. The lower electrode is then sputter oxidized, and the upper
electrode metal deposited.

The rf sputter oxidation procedure developed by Greine# 4.5) involves
two competing processes. The substrate is sputter etched using a plasma

containing oxygen. The etch process removes material from the substrate at a

constant rate R. If X is the thickness of oxide present,v%% = -R for the etch

process alone. The presence of oxygen in the plasma causes metal oxide
to grow. However, the rate of growth is not constant, since it requires
metdlic atoms to be available at the growth surface. This exposure
decreases with increasing oxide thickness, and the growth rate decreases.

The oxide grong/Rate in a plasma decreases as (3) %% = Ke'x/xo,
givingJél = Ke 0. R for the net rate of change in oxide thickness

during ;Butter oxidation. As metal oxide grows, the growth rate slows,
until it equals the etch rate, and no further oxidation occurs. Setting
GX/Bt =0 gives xfina] = x01n§ as the equilibrium

thickness. This thickness is approached exponentially with a time
cénstant of XO/R. This time constant varies substantially from metal
to metal. In some metals, the time constant, or equilibrium thickness
are such that for the fabrication of practical tunneling barriers the
equilibrium is never reached and the time of growth becomes an

-122- | s
, 7 : iﬁi



important parameter determining the barrier thickness. In the case of
Ni, the constant has been determined to be only a few m1nutes(6), so that
the equilibrium thickness is reproducibly achieved by allowing the process
to run for 10-15 minutes. The equilibrium thickness can be varied by adjusting
the rf power applied to the substrats, and the amount of oxygen in the
plasma. With Ni, the equilibrium thickness can be adjusted to produce
edge MOM's with zero bias dynamic resistances from about 750 o to about
one MQ. Wafers with lower zero bjas resistances have a noticably larger per-
centage of shorted devices on the wafer.

The oxide chamber is covered as quickly as possible after it is grown.
The chamber is evacuated to remove the 0,, and refilled with a pure argon
sputtering atmosphere. Ni is first sputtered off of the target, onto a
blank table, to remove any nlcknl oxide formed on the target. A thin layer
of Ni (approxirately 200-400 A) is then sputter deposited very quickly onto the
substrate ( approximately two minutes). After this initial layer, which
protects the barrier, the rest of the upper metal layer is deposited using
the sputter-bjas mode. |
4 The upper electrode is etched using a standard chemical etchant
rather than ion milling. It in fact has been experimentally determined
that ion milling of the second electrode causes the junctions to short.
It has also been observed that if during the ion milling of the lower
electrode, the lower insulating layer is etched through, the Ni deposited
for the second electrode adheres too strongly to the roughened Si sur-
face. The roughened surface makes it difficult for the chemical etchant
ﬁo thoroughly remove .the Ni. To do so would require the wafer to be
ieft in the etchant so long that all lines less than 5-10 um's wide are
undercut, and etched away. One solution to this problem has been to put
the wafer in the ion milling machine for a very short period, to etch
this last layer of Ni.

With the completion of this final etching, the edge MOM is ready to
be tested on the curve tracer. This basic procedure for the M-0-M fabri-
cation has had ceveral and various modifications, and variations which
have been, or are to be, tried to increase reliability.

Because of the inherent geometry chosen, (edge), it is easier to
actually fabricate a two junction series array, than to fabricate a single
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Jjunction. The steps necessary to contact the buried electrode can be
eliminated if two junctions are made in series (Fig.V-4), The series
array, also forms a natural pilibox structure, which can be designed to

be resonant at the frequencies of interest. For the 28 um mixing experiment
two element arrays (Fig. V-4) have been built, with spacings of L = 2Bum/n

between elements. These boxes should be resonant, at 9.3 um as well
as 28, within the precision of the lithography alignment. Series
arrays should improve the overall conversion efficiency of the MOM's.

V-5 Fabrication Procedure for Measuring of the High Frequency Nonlinearity

The procedure described above is for making a single edge MOM diode.
The current experiment for measuring the high frequency nonlinearity imposes
additional constraints. The 9.3 um mixing experiment requires efficient
input coupling of two laser frequencies, as well as efficient output coupling
out of the 20 GHz IF. It is also desirable to be able to construct a
variety of combinations of diodes, including arrays, and balanced mixers.
The coupling problems and the desireability of multiple junctions has led
to the incorporation of a variety of additional processing steps, and to
a search to modify somewhat the basic procedure.

The coupling considerations have had three main effects on the con-
struction of the edge MOM devices. The electrode patterns must be
designed to maximize the coupling. The devices are built near a preferen-
tially etched edge of the Si wafer and the 5102 is being repiaced as the
insulating layer. These three steps should allow for optimum IF signal
generation.

The shaping of the electrodes for good input coupling has been the
most difficult design problem. Standard antenna theory can be used to
pfedict receiving patterns at longer wavelengths. At 28 um and 9.3 um
two problems with this approach begin to manifest themselves. At these
shorter wavelengths, the metal does not exhibit ideal loss-less free elec-
tron behaviour. Both the displacement current, and the conduction current
ﬁust be taken into account in calculating any radiation, or receiving
ﬁatterns, as has already been discussed. The 1imits of optical 1ithography
are such that it is not possible to make “thin wire" antennas without
using e-beam lithography. While theoretical efforts are being made to
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understand these problems, there are, as of this writing, no sure directions
for proper design.

This lack of a clear theoretical direction has led us to continue to
build long wire antennas (Fig. V-5). At longer wavelengths, where analysis
is easier, these show very high gain. There is a need to experiment with
other shapes, suggested in another section. These antenna structures
must be incorporated inside a 20 GHz IF electrode pattern, which does
not radiate. ‘

The larger electrode structure is that of a coplanar microwave waveauide
(Fig. V=6) (7). This guide has been designed to have an impedance of
50 Q2's. This waveguide structure offers the possibility of incorporating
matching elements directly into the waveguide, to maximize the 20 GHz
coupling. This coplanar waveguide will connzct to a taper section built
on an alumina substrate. The taper changes the dimensions of the waveguide,
but not its impedance (Fig. V-7).

This coplanar waveguide structure should couple the 20 GHz IF quite
readily into the spectrum analyzer. Input coupling considerations,
combined with the desireability of a completely integrated structure have
led to the building of these devices above the preferentially etched edge
of a Si wafer (Fig. V-8). Calculations show that an integrated antenna
receives radiation very poorly from the half plane above the dielectric
(air side). In past work a superstrate, Si prism, was placed on top of
the antenna. The antenna above a preferentially etched edge allows the
substrate to perform the role of the prism and allows one to irradiate
the antenna at angles which would be totally neglected from the back of
the substrate. The antenna length is chosen to place the beam maximum
perpendicular to the preferentially etched edge. The edge is etched
prior to the device construction. '

The preferential etching of Si is performed by a standard EDP
(Ethelyne Diamine Pyrocatachol) process (8). The cleaned Si wafer is
oxidized in a wet Op atmosphere. The atmosphere is changed to Np after about
QOOO X of oxide has grown. The oxide is annealed in the N2 atmosphere
»for a half an hour, then removed from the oven. The wafer is patterned
Qith photoresist. The 5102 is chemically etched in KF, creating the mask
for the Si etch step. The photoresist is removed, and the wafer is
immersed in a heated solution of EDP. The wafer is left in the EDP until
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it has been etched through (about four hours). The remaining Sio2 is
now removed with a buffered HF solution. The substrate is then ready for
the MOM device to be built on top of it. Having examined the motivation
for the electrode shape, and the preferential etching of the substrate, there
remains the choice of substrate and insulator best suited for the 28 ym

and the 9.3 um coupling.

There are only two substrate materials which have been found to have
the appropriate hardness and solubility requirements for IC processing,
while also being transparent to 28 um and 9.3 um radiation. These are
high resistivity Si, and high resistivity Carbon (diamond). Diamond is
both expensive and difficult to preferentially etch or lap. Silicon is,
therefore, the substrate of choice to investigate the junction devices.

We are using > 700 Q<m n-type Si. It is also necessary to choose an
insulator which is transparent at 28 um and 9.3 um. Sioz, the insulator

we have usually used, absorbs 28 um 1ight too strongly to be a good choice.
Experiments are currently underway to try to eliminate SiO2 as the
insulator, ‘ :

The most important place to eliminate §10,, would be under the antenna
structure, since this has a strong adverse effect on both the antenna
pattern and the effective area. Eliminating the SiO2 layer entirely is
not feasible. Although the silicon has sufficiently high resistivity
to isolate the electrodes, one runs into the previously mentioned
surface roughness problem resulting from the jon milling step.‘ A possibie
viay around this is to put down the S1‘02 layer, and then remove it after
ion milling. The removal can either be done via chemical (HF) or plasma
etching.  Plasma etching should be done in a barrel reactor, so
that the jons are not accelerated into the substrate. These procedures
can be eliminated completely if a more suitable insulator is chosen. A
suitable material is Si3N4 whzg? is reasonably transparent at both the
COZ and HZO laser wavelengihs'™’. The sputtering of 51'3N4 in an r.f.
sputtering machine 1is currently being parametrized. ;

The resultant junction devices are then designed for a high frequency
measurement of the nonlinear mixing characteristics with an 1.F. frequency
of 20 GHz and an upper frequency corresponding to 10 um. Various modifi-
cations to increase nonlinearity and coupling are expected as a result of
these measurements.

-131-



References for Chapter V

1.
2.

3.

4.

6.

S. Thaniyavarn and T.K. Gustafson, Appl Phys. Lett. 40, 255 (1982).
L. Esaki and P.J, Stiles, "New Type of Megative Resistance in Barrier
Tunneling," Phys, Rev. Lett. 16, 1108, 1966.

D.A. Doane et al, "Semiconductor Technology, A 1982 Symposium,"
published by Electrochemical Society.

J.H. Greiner, "Josephson Tunneling Barriers by RF Sputter-Etching

in an Oxygen Plasma,” J. Appl, Phys. 42, 5151, 1971,

J.H. Greiner, "Oxidation of Lead Films by RF Sputter Etching in an
Oxygen Plasma," J. Appl. Phys., 45, 32, 1974.

Moredehai Heildum, "Characteristics »f Metal-Oxide-Metal Devices."
Ph.D. Thesis, University of California,

C.P. Wen, "Coplanar Waveguide: A Surface Strip Line," IEEE Trans.

on Microwave Theory and Techniques, 17, 1087, 1969, K.C. Gupta, R, Garg,
and 1.J. Bahl, Microstrip Lines and Slotlines, Artech House Inc.,
pubi., 1979, Chapter 7.

K.A. Beam, "Anisotropic Etching of Si," IEEE Trans. on E1, Dev., 25,
1185, 1978.

Yu. I. Prokhorov, V.A. Sologub, and B.A. Sukhodaev, "Infrared
Transmission and Reflectance Spectra of Films Obtained in a High
Frequency RF Discharge Plasma," Journ. of Practical Spectroscopy,
19, p. 520.

-132-



VI OUTLOOK - ABILITY TO REACH THE THEORETICAL LIMIT

In the present report we have detailed our efforts involved in an
investigation of the possibility of utilizing tunneling juncticn for the
direct conversion of the free space radiation field to electron flow,

This has involved the theoretical aspects of tunneling using a stationary
state theory. This has allowed us to provide a unification of the Tien-
Gordon model with other models dealing directly with the interaction

within the tunneling region. For practical convertors it has made clear

the analogous pictures of mu1ti-photon absorption and Fermi level modulation
and has provided us with a quantum mechanical view of the ideal 40% conversion
from low frequency rectification. We have seen that the competing

processes of multi-photon absorption from the field and dielectric absorp-
tion within the bounding materials is a problem which must be dealt with,
Experiments on cooled junctions should help clarify some of these aSpects.

One of the basic problems with regards to the utilization of tunneling
Junctions is the fabrication of a diode which does not have appreciable
backflow; that is when reverse biased it does not conduct., This seems
to run counter to the tunneling phenomena itself and the only way this
appears definitively acheivable at the moment is by using the energy
gap of a semiconductor as postulated. The current voltage relationship
for such a junction should be calculated theoretically to determine whether
a sharp enough turn-on of the current can be acheived while retaining a
low back flow. There are also some indications that metal-barrier-metal
Junctions themselves can exhibit a sharp enough turn-on to overcome this.f

The surface modes (and the coupling to them) which propagate in metal-
barrier-metal structures have been considered in chapters III and IV
respectively. We have shown that the coupling between an open surface
mode and the junction mode is primarily one of fabrication; that theoretically
close to 100% coupling can be expected for ideal tapers. Coupling
between the structure modes and the free space radiation field can be
accomplished through appropriate antenna design as shown. We have also
mentioned an end coupling scheme which becomes possible at high frequencies
and which has demonstrated experimentaliy. Calculations on the
latter should be carried out as an extension to the present work.

Tsee C. Slayman, Ph.D. Thesis (U.C. Berkeley, unpublished (1980)), page 30.
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The principle problem with surface modes is their loss and
particularly short propagation length at visible wavelengths. This
was discussed in detail in section (III-3) and has been verified by
numerical calculations (I11-4). The short propagation length, particularly
for the junction gap mode can be alleviated by cooling if the relaxation
time is phonon collision dominated. This is true of the metal, which is
the most important because of its extremely short relaxation time.
Picosecond spectroscopy of thin metallic films at low temperatures
would be interesting since it should provide direct evidence that the
relaxation time could be extended to at least the picosecond range by
cooling. Coupling to surface plasma waves and either propagating the
mode or scattering into the free space radiation field could also be
used to obtain useful data on losses.

Heavily doped semiconductors should also be investigated since they
could possibly be exploited to solve the backflow problem. '

In chapter V, we described the processes which we have used to
fabricate tunneling devices to be used in our experiments. It is likely
that future development of molecular beam epitaxy, chemical vapor deposition,
and electron bean deposition will result in highly improved fabrication
techniques and will allow much more flexibility in the development of
semiconductor barriers,

~ In concluding this report, one could state that the potential for
highly efficient convertors is theoretically present. It is true that in
contrast to depletion layer devices which inherently depend upon the
jnternal fieid to separate the carriers, the upper limit to the efficiency
is one hundred percent. The reason that thus far the conversion
efficiencies are so low are due primafi1y to the fol1ow1ng}

a) The coupling to the gap mode from a single surface mode has not
been definitively demonstrated let alone designedkfor efficiency,
although coupling as well as end coupling and coupling through
ﬁoughness have been demonstrated.

b) The junction current-voltage characteristic has displayed a
highly symmetkical behaviour about the zero-bias point for
virtually all tunneling junctions fabricated thus far. Thus the
back flowhas generally been a problem.
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c) The absorption length due to multiphoton absorption through the
gap mode is comparable to or greater than the propagation length
of the mode in the absence of the multi-photon absorption.

Theoretically, perhaps the most crucial problem at this point is a

calculation of the current-voltage characteristics of hypothetical
junction configurations which could demonstrate more ideal rectification
behaviour than the metal-barrier-metal junction., Eqs.-(11.5.6 and 11.5.7)
could then be used to estimate the absorption length and possible
efficiencies which might be realized. We have made a start by considering
the metal-barrier-heavily doped semiconductor device; however this needs
to be extended to include a furthermetallic boundary on the semiconductor
side.
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APPENDIX I  PROGRAM FOR CALCULATING THE DISPERSION CHARACTERISTICS OF
THE SURFACE ELECTROMAGNETIC WAVE GAP MODF

Input parameters are:
xss - Normalized fregqency N/ma where w
the heavily doped semiconductor
e(1), f(1) - dielectric constant of the film is eo(e(l)+jf(1))

5 is the plasma frequency of

es - dielectric constant of film as w + =

Xs - I/wst;S

WS = ws/ws~= 1

em - dielectric constant of film at w » =
xm - lluhcm

" wh/ws

3 barrier thickness

The most important output is dm, dp, rk, rkk, xss and s.
dm - dm = 0 when a solution is obtained.
dp - n(2n7) for a solution (phase condition)

rk - Re B/mVuoeo
rkk - Im B/wJpoeo

Program Disp.f. Notation

kg = wgvHgEp = PO
= 18878.3 Mg = 3.3383 um
B =rk + jrkk

Xss = (w/wo) X2 = (xss)2

e(1) = ey = (e(1)+if(1))
e(2) = e, = (e(2)+if(2))es
e(3) = ey = (e(3)+jf(3))em
xs = 1/gewg
xd‘=‘1/;mm0

WS = wps/w0

wn = wpm/wo

wy = 5.6635 10t4

tr =0 ~+1

ts or else + 2

VoA

0 + test {
0~ 3
Fy

sk(1), sk(2), sk(3)
change

ORIGINAL PAGE 1§
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Normalization on k y = Ke-uPye - ORIGINAL PAGE [9 (]
2 —Z o OF POOR QUALITY Y
wzueo v wzuco E%;

Controls 2 V2

is < 0 write —1— - L{—— - E—(-‘L)z

w
Xo yy, €(i), f(i) WoHeg , woHey 00

t, ¢
Rey2 Imy2

?
sk(i) < 0 change b(i) + m-b(i) (rk+jrkk)xss = —k— = K.
wiie. PO
= 0 test for x < 0 0o
> 0 change b(i) + m - b(i) & (rk+jrkk) =(§5)(m9) + rk+jrkk

normalized to k(w)
a(i) = [A:np(.kz-wzue)]/("po) 1 -~ barrier 2) s.c. 3) metal

b(i) = Arc(kz-wzue)

g(i) = Amp (i) h(i) = Arc (i)

pp' =< (i) - < e(i) - (< y(i)-< ¥(i))

bb = (amp e(i)/amp (1)) x Amp(y(1)/amp y(i))

z(j) =1+ (l:»b)2 + s(bb) x cos(pp) = squared ampl. of 1+-€-H'-)- l%.l;.

€ 1
y(3) = squared ampl. of 1-%%}_}%
ra(3") = <1+ i)
r(3) = <-SHH UR

d =2a(1) xS« Normalized to ky (dk,) = S
cb = cos(b(1)) sb = sin(b(1)) dn + ampl. cond. dp + phase

=<

PRINTOUT |
Z (1), 2 s(2), y(1), y(2), z(1), 2(2)
4 S S
Amp squared sum

of dnff

S LA



akl, ak2, ak3, bk1, bk2, bk3

Im. (Yl :'Yon3) Re(Yl »Yo vY3)

-
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n

78

program Disp

dimension sk(3), z2s(3)

dimension e(35), £(9),a(5), b(8), 9(B), h(B),r(B), rq(H), 2(5),y(b)
double precision xss, x2,dp,es) em x5, ks, Ws) xm Pkm, wn, S
double precision e(1),e(2),e(3), £(1), £(2), £(3), vk, Trkk,: 5y
double precision u,v,x,yy,sa, al(l),a(2),a(3),b(1),b(2),b(3)
double precision g(1),g(2),g¢(3),h(1),h(2),h(3),psbb, hh
double precision z(1),2(2),2(3),y(1),y(2),y(3),d,cb,sb,dm pp
double precision cb2, sbe, cb3, sb3, akl, ak2, ak3,bkl, bk2, bk3
double precision vq(1)yrq(2),r(1),r(2),pi,ss,)cipo,el, e
po=18878.3

pi=3. 14159265036

rk=1, 7

rkk=, 229

kpSs, 1 ORIGINAL PAGE i

xa=, 0}
el1=3. 2 . OF POOR QUALITY

£1=0.0

es=11,1

xe=1/sqrt(32. 9)

we=],

im=sqrt(22. 8/32, 5/1. 54)

wum=sqrt (2518, #22, 8/32. H/1. 54)

em=1,

§=9, #¥9, 663573, 710000,

continue

write (%, ‘("enter xss,e(l),f(1),es: xs,ws, em xm, wm, 5", €)’)
read(#, #) xss,el, 1, es, xs, ws, em, Xm. wm, s
write(H®, ¥) xss,el, fl,es, X5, WS; em; xM; WM, &
continue

write (#, ‘("enter sk(1),sk(2),sk(3)", %))
read(#%, *) sk(1),sk(2),sk(3)

write(*,#) ek(1),sk(2),5k(3)

continue

write (#, ‘("enter rk and vkk, tr,ts,is ", %))
read(%, #) rk, rkk, tr, ts, is

rhk=rk#*xss

rkk=rkki#xss

X2=x55%XES

rks=xs¥#xs

rkm=xm¥xm

e(l)=el

fl1)=F1

e(2)=estil, —(ws#ws)/{x2+1ks))
f(R)=esi(xshwskws)/ (x2+rks)/xss
e(3)=em* (1. —(wm*uwm)/(x2+1rkm))

f(3)=em*( xm¥wm*wum) / (x2+rkmn)/xs5
usrkerk-—Tkk¥rkk

v=a, #rk#rkk

do 10 i=1,3

x=2y—e(i)#*x2

yy=v—F (i)*x2

sa=dsqrt(x#x+yysyy)

a(i)=dsqrt(sa)

b(i)=dasin(yy/sa)

if(is)78,79,79

write(®, %) x,yy,e(i), £¢(i)
79;continue :
if(sk(i)) 7,9.,8

lf(") 9, 6,6

if(b(i1))7,8.,8
b(i)=—pi-b(i)
go to 6



30
10

‘

46
48

53
94

91
52

57

gli)=dsqrt(e(idte(i)+#(i)%#i))
h(i)=dasin(¢f(i)/g(i))
if{e(i))30,31,31

: ar 8
h(id=pi-h(i) ORIGINAL PAGE
continue OF POOR QUALITY
continue

do 20 y=1,2

ks g+1

pp=h(k)-=h(1)=(b(k)-b(1))
ss=dsin(pp)

c=dcos(pp)
bb=(g(k)/gi1))*a(1)/alk)
zs(y)=bbh

2(y)=1, +bbabb+2, #bb¥c
Yey)=1, +bb#bb-2, #bb#c
hh=bb#*ss

sz=dsqrt(z(y))
rql{y)=dasin(hh/sz)

1f(1, +bb%c)49, 48, 48

? if(hh)Aa6, 47,47

rq¢ )=pi-rq(y)

go to 48

rqly)==pi-rq(y)

continue

sy=dsqrti(y(y))

r{y)=dasin{(-hh/sy)

if(1, —bbuc) 953, 52, 52

if(—-hh)54, 51, 51

rig)=—pi-r(y)

go to 52

r{y)=pi-r(y)

continue

continue

d=2, #a(]1)#*s

cb=dcos(b(1))

sb=dsin(b(1))

dm=z (1)#z(2)*dexp(2. #d¥cb)—y(1)#y(2)
dp=rq{1)+7q(2)-r(1)~-r(2,+d¥sb

rk=rk/xss

rkk=rkk/xss

dp=dp/pi :

write (#,%) dm,dp, vk, Tkk, x58, 8

write (%, %) 25(1),25(2),y(1),y(2),2(1),2¢(2),d
write (#, %) a(1),b(1),a(2),b(2),a(3),h(3)
cb2=dcos(b(2))

sb2=dsin(b(2))

€b3=dcos({b(3))

$b3=dsin(b(3))

aki=a(1)#sh

ak2=a(2)#sb2

ak3=a(3)#sb3 ,

write(, #) aki, dkz: ak3

bki=a(l)#chb

bk2=a(2)#ch

bk3=a(3)#cb3 :
c2=e(1)#(e(2)/g(2)/g(2)+Tkk*F(2)/9(2)/g(2)/Tk)/bk2/s
€3=e(1)#(e(3)/g(3)/g(3)+rkk#f(3)/g(3)/g(3)/Tk)/bk3/s
e=1. /(1. +¢2+c3) '
vhe=rk/(rkerk+rkk#*rkk)

rke=rke#e(l)

write(#, %) bkil,bk2,bk3

write(#, %) c,c2, c3,rke
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APPENDIX 11 THE ANTI-SYMMETRIC GAP MODE

2
\ (w
Using Fig. (III-7) and €m.s © e (1 - ~§m~§—--) one can represent
! w /g
m,S
the fields of the gap mode as
s(x = 9) b(-Jax<d) (xs-;)
Y (x- ) -V (x+—)
Hy- Hge 5 (?' ) chosh(+vb(x+%)-¢s) Hye d)
RH v X B BH =v_(x+5)
. s VsVt d c*2
Fx e © —E; cosh(vp(x+3)-45 | 7" e
. ..d
iVeHe Ve (X ) jv H =iv H =y (x+5)
, ' S''S YS\T2 b b mm e\ 2
Ez. _GE;_ e sxnh(vb(x+~)-¢s) . e
Vg = (8%-w ues)i = (8%-u ueb)% Vi = (Bz-wzuem)%

Continuity of Tangential Eand Hat x = dand x = -d gives:

Hg = Hpcozh{v, d-¢g) (a)
Hy = Hycosh(+éc) (b)
v H v,.H
s'’S b b
= ) (c)
3
Vi H v _H
bbbs1nh(v d-¢) = 2 m (d)
m

(a) and (d) give

v v

: tanh(+v d-¢¢) = —Jﬂ (e)
while (b) and (c) give

'-—-—9 = tanh ¢ (f)



(e) can be rewritten as CRIGINAL PAZE {8
OF POOR QUALITY
vad = +¢m + ¢S
where we define om by
= t+anh™ m
by = tann [ECREN
It is straightforward to evaluate the power propagated in the mode P
P = tRe [[ (ExH").fds

- iEbH;Lyx(d)xC

where Eb and Hb are the x and y component electric and magnetic field
amplitudes respectively. C is the confinement factor given by

c- Re(e/(web)/ke(.e/w[1/cbf8m(\,m.f\,a)d*eszvslvg)d])

Re(w/B)/UE

where Vg is the energy velocity = ¢/S, S being the slowing fgctgr,

For a symmetric structure ¢ = ¢¢ and thus tanh(vdd) = 39'1?5 y or
Eq. (111.2.8). b * "m
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