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Solar Energy Conversron Through the
Interaction of Plasmons with Tunnel Junctlons

1. Introductlon

This report covers the work performed under grant NAG 3-433 “Solar Energy
Conversion Through the Interaction of Plasmons w1th Tunnel Junctlons during the
period from June 1, 1983 to December 31, 1984.

Personnel performlng the work were Prof. R. J. Schwartz Prof. S Datta and
Graduate Research Ass1stant P.E. Welsh Much of the detail of the work descrlbed in
“this report is covered in a Master’s Thesis submltted by P E Welsh to the School of
Electrlcal Englneerlng, Purdue Umversrty, December 1984.

1.1 Limitations to Conventional Solar Cell Eﬂiciency

A conventional pn Junctlon solar cell is severely limited in its conversmn efﬁclency,
even under the most ideal of situations. The two major hmltatlons lnherent ina srngle
Junctlon conventional solar cell, are the loss of all energy contalned in the solar _
spectrum below the bandgap energy and the loss of photon energy in excess of the
~bandgap for that port on of the solar spectrum which lies above the bandgap. There
" are other efficiency llmltlng features in a conventional pn junction’ solar cell, but they
are rather modest in comparison with the two mentioned here. o

It has been known for many years that one can circumvent, at least in theory, the
above problems by cascading solar cells of different bandgaps It’s not within the scope
of this discussion to describe the many ways that have been proposed for accomplishing
this; however, to date none of these techmques have proved to be feasuble for space -
application. ‘ o '

While the issue of solar array efficiency has always been imp,ortant; it is
particularly so in the case of the Space Station since the large power requirements of
the Space Station translate into very large solar arrays. This in turn leads to increased
drag and additional fuel for orbit maintenance. Since increases in operating eﬂiciency
translate directly into decreases in array size and drag, it's even more important now to
investigate new. concepts for high efficiency solar energy conversion.

This pro_]ect is intended to examine a proposal first put forward by Anderson(1 -3)
for a conversion scheme to more effectively utilize the full solar spectrum. The

1. L M. Anderson, Proceedlngs l7t Intersocnety Energy Conversion Engmeermg Conference, (1982)
pp 125-130.

2. L. M. Anderson, Proceedings 16! LEEE. Photovolta.lc Specialists Conference, (1982), pp. 371-377.

3. L. M. Anderson, “Harnessing Surface Plasmons for Solar Energy Conversion,” Proceedings of the
SPIE - The International Soctety for Optical Engineering, 408, 1983, pp. 172-178.



fundamental concepts of this new solar energy conversion scheme are described in the
next section. ‘ ' ' '

1. 2. System Descrrptron _ _

In its simplest form the system consists of three parts: (a) broadband coupling of
the solar spectrum into surface plasmons (in a more general case, the solar spectrum is
coupled into a broadband waveguide); (b) a waveguide which transmits the energy to a
detector and (c) a detector which converts the optical frequency EM wave into dc
electrical energy. In the case considered here the detector consists of a tunnel diode or
~ an array of tunnel diodes.

Each of the three parts of the system can ‘take on many forms. The wrdeband
coupling of the solar spectrum to the guided EM wave can be accomplished by means
“of a prism, a grating, or perhaps; even by means of a roughened metallic surface. The
structure which guides the.EM wave to the detector can take the form of a2, 3,4,0rb
layer (and perhaps even more) thin film wavegurde The detector may be a
conventional solar ceil brought in close prox1mlty to the wavegurde such that frmgmg
ﬁelds couple into the solar cell, (see Flg 1. l) or it may take on any one of the number
of forms of tunnel dlodes (see Fzg 1.2). ’

1.3. Purpose 'and Scolpe of this Study
The purpose of this work is tor . o
1.  Understand the crltlcal parameters involved in this energy conversion
scheme. ‘
2. Develop a deslgn whrch is capable of ‘utilizing the 1nherent hlgh ‘conversion
efficiencies of such a scheme.

3. Demonstrate the feasibility of the gurded wave—tunnel detector energy
conversion system ‘ '

Since portions of thls system are under study by various other organizations, the
scope of this investigation has been limited in the following way: Problems associated
with couphng the solar spectrum into surface plasmons or other guided EM waves are
not considered. Likewise a detection scheme which utilizes a conventional solar cell
coupled into the fringing field of the guided wave is excluded. The primary emphasis
of this study is on the waveguide and the detector portions of the system Tunnel
structures are considered as the prrmary detection scheme. '
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.4 Summary of the Results

A sequentlal tunnel structure has been concelved whlch lf proper materlals can be
found, will be capable of broadband conversion of the solar spectrum without the need

for spectral splitting. = v , _ ‘
 Three, four and five layer transmission structures have been exammed in detall
~with the following results: ‘ P R

a.’ Low attenuation modes were found in all cases.

b.  Those structures which support modes which can cause tunnelmg are only weakly
coupled. '

c.. Structures whlch are most strongly coupled have very short propagatlon
distances.

d. Transmission and tunnel structures composed of semicouductors‘ rather than
metals may give acceptable results. '

~e.  Stacked tunnel structures may be requrred to raise the coupling of
electromagnetic waves to tunnelmg to acceptable levels.: '

The prlmary barrier to 1mplementatlon of this energy conversion scheme appears

at this time, to be the weak coupling between the EM wave and the induced tunnelmg o

Possible solutions to this problem have been 1dent1ﬁed and w1ll be pursued under future
work.



S 20 ’7 System "‘COnsiderat'_ion;S' S .

2 l System Requlrements on the Transmnssnon Pa.th

‘The length of the transm1ss1on path from the point of optlcal coupllng to the -
detector may be qulte large. Therefore the transmissicn loss assocrated with the
wavegulde portion of the device should be kept as low as possrble The attenuatlon in
- the transmrssron link is a functlon of the waveguide structure and the mode which is
used to propagate the energy. Each of the waveguide structures studied had at least
one mode with a low attenuation coefficient. . The system requires that the mode which
is propagated be one whlch efﬁcrently couples energy into the tunnel detector, or that
efficient mode conversion between a low attenuatlon mode wrth weak couplmg, and a -
mode with strong couphng be possrble ‘ ‘ ' :

It has been shown that in a two layer structure consrstlng of air and s1lver

- efficient coupling between the solar spectrum and a surface plasmon mode is possrble
In addition, the surface plasmon mode propagates with low attenuatron However the
surface plasmon mode does not couple well into-a tunnel structure Thls means that
‘the surface plasmon mode would need to be converted to a mode w1th strong couphng

to the tunnel structure Such mode conversron in all hkehhood would lead to reﬁectlon- o

~of energy. In addltlon the strong coupled mode would have to have a sufﬁclently low
» propagatlon attenuatron coefﬁcrent s0 that most of the energy would be absorbed by
v tunnellng in the detector - : -

>2 2 System Requnrements on the Detector

_ ‘The dimension of the tunnel detector in the drrectlon of propagatlon of the EM

~ wave may be many times the optlcal wavelength Therefore, the detector structure
cannot be treated as a lumped device, but in fact, needs to be treated as a dlstrlbuted
dev1ce This means that the analysis of the detector portion of the system will proceed
as though it too were a transmission line with the mechanism of tunnelmg occurring in -
addition to transmission losses. Efficient energy conversion requlres that attenuatlon of
the EM wave due to the transfer of energy in the tunneling process be much larger
“than the attenuation due to losses through energy d1ss1pat10n in the ‘conductors and
dielectric. If this is not the ‘case, an excessive amount of energy 1s dlss1pated as heat
and i is not avallable for conversron to electrical energy. o |

The tunnel detector, like the conventional solar cell ‘can be v1ewed as havmg a |
dark current whlch ﬁows under the forward blas conditions whlch prevall when the cell

1. T. K Gustafson “Coherent Conversron of the Sunhght Spectrum ” NASA Grant NAG 3-88 (July §
1980 - Apnl 198") Chapter III o o



is in operatlon The dark current is hnearly dependent on the area of the detector, and -
hence, on the d1mensron of the detector in the direction of the EM propagatlon It is
- Important to keep the dimension of the detector in the direction of propagation as -
small as possible. The minimum dimension will be set by the attenuation of the EM
wave due to tunneling. Thus, it is hlghly desuable to have the absorptlon coefficient
due to tunnehng as large as possxble ' ' '

" The dark ‘current, Wthh can take the form of reverse tunnelmg or in some cases
current injected over the tunnel barrler serves the same role in hmltmg tunnel dlode :
performance as it does i in the case of the conventlonal solar cell ‘We will discuss _thrs in
more detail in sectlon 4.1. T

If the proposed energy conversion scheme is to have hlgh efﬁc1ency, of course 1t is
necessary that the detector be capable of eﬁicrently transforming the energy in the EM
wave to dc energy over the full solar spectrum. That is, the detector must be tunable
to a wide range of EM frequencres The tunnel detectors have thls inherent. property,
which is, of course, what makes them so attractive. The mechanisms whlch allow this
to occur are dlscussed in section 4.1, where we descrlbe the detalls of the tunnel -

detector operatlon

2.3 Summary of the System Requlrements

~In order for the system to be an efficient converter of solar. energy to de electrlcal o
energy, one must have efﬁment conversion of the solar spectrum into a gulded EM wave_
over the entire spectrum. The guided EM wave must have low attenuation losses and -
must either be capable of being coupled dlrectly into a tunnel structure or must be o
capable of belng efficiently converted to a mode which has a strong coupling coefﬁment :
in the tunnel structure. The tunnel detector must have the property that a large '
fraction of the energy in the EM wave is transferred to carriers ‘which tunnel through B
the barrier, with a small percentage of the energy being absorbed as heat In addition,

-~ the absorption coefficient due to tunneling must be as large as possible in- order to
~ reduce the effects of dark current. ,

In the next section we will investigate the propagatlon characteristics of a number |
of waveguide structures. The purpose of this investigation will be to determine the
absorption coefficient of these structures and the dependence of this absorption -
coefficient on frequency, materials parameters structure, and device dimensions. In
addition, information obtained on these waveguide structures will be applied directly to
the analysis of the performance of the tunnel detectors which is taken up in section 4.



| 3. Waveguide Propagation Studies

3.1 Introductlon B

: In this. sectlon we w1ll analyze three four and ﬁve layer wavegulde structures

‘ anch of these structures will be shown to have at. least one mode. w1th a very long
propagatron dlstance suitable for meetmg the requlrement of low loss propagatron rn :
the waveguide. The surface plasmon mode of the two layer structure has also been
shown to be efficiently coupled to the solar spectrum However a. two layer structure is
“not approprlate for a, tunnel device, nor is the surface plasmon mode capable of - v
coupllng strongly into such a tunnel structure. We will see, in our analysrs of the four ‘
layer structure that it too has a mode with a very long propagatlon dlstance In = o
addition, a four layer structure can be constructed wrth a tunnel reglon capable of

performlng the desrred energy conversion. As we shall see the mode of interest is easrly R

, ’vrsuallzed as a perturbatlon ‘of the surface plasmon mode and the four layer structure
: may be v1ewed as a perturbatron of the two layer structure R

o Our ﬁrst concern will be for a calculatlon of the attenuatlon coefﬁcrent assoclated
-~ with- the varlous modes whlch w1ll propagate on each of the structures As we have seen
in section 2, one requlrement is for very low. attenuatron ‘We will also be 1nterested in -
i whlch modes propagate, as we wrll need to find modes capable of supportmg a strong
electrrc field across a thin lnsulatmg region in order to obtain tunnelmg in the detector '
portion of the structure Further investigation. of the modes which propagate in the -
various structures wrll give us 1nformat10n about the possxblhty of mode converslon as B
dlscussed in section 2. L e

~ As mentioned prev1ously, the two layer structure is of interest because of the low
attenuation surface plasmon mode which will propagate on this structure and because
it can be efficiently coupled to the solar spectrum. The three layer structure is
analyzed in two forms: A oxide-metal-oxide structure, whrch is of interest, because of
its very long propagatlon distances and a metal-oxrde—rnetal structure because it forms -
the simplest tunnel diode configuration. The four layer structure is of interest because
it simultaneously allows for the propagation of modes with very low attenuation
coefficients and. has the potential for fabrication in a form sultable for a tunnel
detector. The five layer structure is of interest for the same reasons as the four layer
‘structure, with the additional attribute, that it allows us to check our results with -
those published by Stegeman and Burkel. The agreement w1th Stegeman and Burke's
~ results is found to be excellent ' ' 3 EOR S

1. G L Stegeman and J J. Burke “Long Range Surface Plasmons in Electrode Structures Apphed '
Physzcs Letters 43, n0. 3 (1 August 1983) PP 222—223 : , :



3.2 Technlque for Obtamlng Attenuatlon Coefficients

In this section we will describe the techmque used to analyze the propagatlon of
EM waves in the various waveguides which have been considered. In this analysis the
di;‘ection of propagation is the z direction and the x axis is perpendicular to the parallel
planes that make up the waveguide. (See Fig. 3.1). The parallel plane waveguide fields
are constant along the y direction. ’ B

- 3.2.1 Relatlon of o to k, _
N For homogeneous matenals . _ o
v-E:-l— v-D. N €3

If the dielectric layers contam no charge, then V-D=0 in those layers. In the
conductive layers, V- D =0 because no net charge exists in a conductor. From eqn (3 1)
if v-D=0, then V-E=0. If we manipulate Maxwell’s equatlons and use the fact that
:V"EZO 1t can be shown that ’ S

 VE=KE 6y
where : ' | | ' V_ |
k=2 T =uvpe o RENCE

In eqn. (3 3), X is the wavelength is the angular frequency and p and € are,
respectively, the permeablhty and perm1tt1v1ty of the medium through which the wave :
is propagatmg ‘ o '

-~ A solution to the wave equation is

| B=Bellr K = et il Hhoy ) By
~ where - e :
k,= wave number in the X direction

k = wave number in the y direction
= wave number in the z direction. '

2. Edward Jordan and Kelth Balmam Electromagnetzc Waves and Radiation Systems 2“d ed (Engle- .
wood Cliffs, N.J.: Prentice Hall, Inc., 1968), p. 112. :

3. Simon Ramo, John Whinnery and Theodore Van Duzer, Fields and Waves in Commumcatwns Elcc-.
tronies (New York: John Wiley & Sons, Inc., 1965), p. 246 and p. 372.



Figure 3.1. Parallel plate waveguide. -
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RS T

Substltutlng eqn (3 4) into eqn (3. 2) we obtain . - e AR

o K= k2+k2+k2 ,f”?iﬁﬁgff'“i '(asﬂ-;"
} For the wavegulde in Flg 3 1, the ﬁelds are constant along the y dlrectlon
' Consequently, k =0, and- SRR o ‘
» k2 k2+k2 DT : SR | (35b)
. The wave propagates prunanly in the z dlrectlon The boundary condltxons for | '
Maxwell’s equatlons requlre that the tangentlal electric and tangentlal magnetlc fields

must be continuous across all the layers in the wavegulde For this to be true k must
" be the same in all the layers of the wavegulde : :

k,is a complex number and separates into real and 1mag1nary parts | .
WA e 68

“The light wave travels down the wavegulde w1th an attenuatlon a. If k can be
calculated for a waveguide, then the attenuation coeﬁicrent of the hght wave is ]llSt the_
' unagmary part of k

, 3 2 2 Calculatlon of k

Flrst it needs to be shown that one of Maxwell’s equatlons l’ o |

VxH J+ij S E (37)

(where J i 1s the current dens1ty and D is the electrlc flux dens1ty) transforms 1nt0 e |
| | VxH—jUJEE _ SR (3.8)

The constltutwe relatlons state that o |
F=E (392

‘a‘nd':" |
_ ]'5_—,_6'*1’3' . A, | o o o - (3.9b)
tvhere o is the conductivity and € is the permittiyity SR SIREARE e
From eqns (3. 9a) and (3 9b), eqn. (3. 7) becomes » S D
| o Viizof+iweB. (10
Redeﬁnmg the drelectrlc constant srmphﬁes eqn. (3.7). The new deﬁnltlon is ' |

4. Ramo, Whinnery and Van Duzer, p 359. .
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ol | : o
€=¢ ].w o , (3.11)

and eqn. (3.10) becomes ‘ L
| o | Vxﬁ:jweE | (3 12)‘

For the tunnel junction solar cell small attenuation due to propagatlon losses is
‘not the only requrrement Tunneling must also be induced to extract energy N
Tunneling requires a strong electric ﬁel_d across the thin dielectric layer. “This demands
that the electric field in the x direction (E,) be non-zero. TE modes are not of interest
because E, is zero for those modes. ‘The modes of interest are the ™ modes(For a -
descrlptlon of TE and ™ modes see Ramo Whlnnery and Van Duzer, chapter 7).

- For TM modes E =H —HZ =0, so eqn (3.12) reduces to the following equations.®

k, S | |
E, —H O (313)
‘E‘ we - ax e . (3.13b)

To find a solution for k,, one calculates H, and E as a function of x. One method
assumes a plane wave solutlon for H 4(x) (magnetlc ﬁeld in the y dlrectlon as a functlon
of x) ’ S e S :
. Hy(x)ZAejk"x +Be b - (3.14a)
(The “*2) dependence will be assumed). ‘ |

Eqn (3 lb3b) provides the relationship needed to find the corresponding form of E,.

For a multi-layered waveguide, ‘the solutions for H, and E, shown above are
applied to every layel For instance, the H, field of the rn‘}l layer has the form

- H '( )= A bl xe) g b o (314p)

where k,, is the wave number in the x direction of the m*! layer and X, is a reference
point. _ v '

The fields in semi-infinite layers go to zero at large distances from the uppermost
and lowermost'interfaces. Consequently, if the'top layer is lab’eled 1 rthen Ayis Zero

"~ 5. Dietrich Ma,rcuse Theory of Dzelectnc Optzcal Waveguzdes (New York: Academlc Press, 1974)
14-16. . , . S
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and llkew1se, if the bottom layer is labeled P then B 1s zero(See Flg 3. 2) For a
solution of the four layer waveguide, see appendlx A SRR SR

After the H and E, fields have been found the boundary COIldlthllS needed to -
obtain k, require that H and E, be continuous across the’ 1nterfaces between the layers.
Knowledge of the' forms of the H and E, ﬁelds “and their boundary condltlons is :
sufficient to solve the dlspers1on relatlonshlp k, is calculated from this dlSpel‘SlOIl
relationship which depends upon’ the material parameters of each layer and the .
frequency of the propagatlng llght

3.3 Numerlcal Methods o

Slnce the dlspersmn equation is- transcendental a computer 1s used to obtaln k
The Newton Raphson method was used to solve the 3, 4 and 5 layer configurations.
_Append1x B descrlbes the use of the Newton Raphson method for complex numbers

3. 4 Computatlon oi' Electrlc and Magnetic Flelds

v The E,, E and H, fields may now be determlned These ﬁelds depend on k
When k, is-known, the boundary condltlons of the electrlc and magnetlc ﬁelds
determlne the relatlve magnltudes of these fields: From theSe ﬁelds the Poyntlng
vector is calculated to obtam the power flow.

The solution for the H ﬁeld Is stralghtforward Assume the form ol’ the H ﬁeld
H=A, e"‘""‘ x"‘)+B el (b layer). (3.15))
We obtaln from eqn (3 5b) : o a R .

m IS the d1electr1c permittivity of the m*h layer and po is the permeablhty of space
‘ Eqn (3. 16) determines k,,, for each layer. To solve for Hy, choose a value for Hy at an’
/interface that borders a semi-infinite layer. This will fix the values of the A ’s. and
B,,'s of the other layers.’ ‘Once all the A,’s and B,'s are known, Hy can be found at
-any value of x. For an example of how to calculate Hy, see Appendlx C. | ‘

~ Since E, and E, are related to Hy by eqns. (3.13a) and (3.13b), E (x) and E ( ) are
calculated once H (x) is known. - - ‘ :

- 3.5 Computatlon of the Poyntmg Vector :
The Poyntmg vector is defined for the TM mode as,

S=-aEM, +EEH,. - (@317

" Siis the 1nstantaneous power vector.

_k2 +k2_w2pom S ‘, _ (316)



!

~ Figure 3.2. H(x) in a p-layér .wai)e‘gﬁide'fi‘ . L

T -

__ Hex> must go to zero
as x becomes large. =
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Attenuation is due to Ohmic losses. .Ohmic losses are associated With time average
’ power Jost. Consequently, the. power vector of interest 1s the time average Poyntmg ‘
,vector It is defined as ' :

.P:-;—Rle[Exﬁ'] 39

where the superscrlpt * denotes the complex conjugate value Takmg the cross product
for a TM wave,

xzy

-=—Re[aEH‘+aEH‘1 o (319)

Usmg eqn. (3.13a) and (3 13b), we obtain
P=—a —Re[—(——l’—)H |43, Re[-—|Hy|2] L (320)
or 7
| ‘13‘—»' Re aEE+R IE, q: g
The Poynting vector is separable into two components, v
P=3P, +3P, | | (322
. represents an average power flow perpendicularto the layers. In a metal with
semi-infinite width, the power | lost in the metal equals P, 1ntegrated over the area of

~ the metal.® _

In a metal with ﬁnite thickness, P, integrated over the area of the metal does not
“necessarily equal the power lost because some of the power that flows in one side will
flow out the other,; but P, does furnish us with an estimate of the l_ost power...

P, is the time average power flow in the direction of propagation. P, integl"ated
over the area perpendlcular to the z direction equals the power transmitted along the
waveguide.

6. Jordan and Balmain, p. 173. -
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3 .6 Calculatron of Attenuatron from the Field Dlstrrbutron

This section mtroduces a method for ﬁndmg an approxrmate value of the
attenuation. This approximate attenuation depends dlrectly upon the power - .
dlstrrbutlon in the waveguide. . The approximate attenuatlon is of the form,” = .-

» W, o f' ' N .
aapf 2W'l"d" Lo -: S i ( 23)‘
UWhere
WTd—fP dlelectrlc layers)dx R o (324)

WTd is the time average Poyntmg vector in the z direction. lntegrated over: the X
“direction in only the lossless (dielectric): regions. It does not include W, (P, integrated:
over the x direction in the conductive layers). Therefore W4y is the power flowing
in the z direction through dlelectrlc layers of a section of the parallel plate wavegurde
w1th a width Ay.. } L . e ,

i Many of the low loss wavegurdes examined have WTd concentrated in one lossless
layer which is adjacent only to metallic layers ' TR ’

If ithe lossless layer: whlch contains WTd is a’ seml-lnﬁmte layer, then W equals the
value of P, at the interface between ‘the metallic layer and the lossless: layer. I the
lossless layer which contains: WTd is bounded on both sides by metallic layers, then W,
is the sum of the two values of P, at the two interfaces. Therefore, W, equals the ,
portion of WTdAy that ﬂows 1nto the lossy region d1v1ded by the area through whlch it
- flows. o : _
_ Th1s approxrmatlon must be used wrth prudence The results presented below are

obtained for waveguides with perfect dielectrics and conductive materials such as silver,

S0 @, is accurate. But @,, may not be accurate if some layers are poor d1electr1cs or

ap
poor conductors.

The remalnder of thls sectlon is devoted to the derlvatlon of eqn. (3.23). The
simplest waveguide will suffice as an example Consider the two layer parallel plate ,
waveguide of Fig. 3.3. One layer is ‘perfectly lossless and the other is a good conductor. ', .

In Fig. 3.3, this two layer waveguide is labeled with axes and power flow i in and -
out of planes in the dielectric. WTdAy is the power in the dlelectrrc reglon ﬂowrng
' 'through the plane at z= zo : ' o

7. Ramo,Whinner‘y»and Van Duzer,’p. 405.
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- Now when eqns. (3.14a) and (3 20) are combrned the power WAy is proportlonal
to ¢2%2. The power lost in the distance Az can be approxrmated by o ‘

AWy
‘ - dz _ _ , s
Consequently, WTdAy(l 2a Az) is- power in the d1electr1c reglon ﬂowmg through the '
plane at z= zo+Az : : o : A :

Az——2a WTdAz _ L e o ’(3.25)V

W (AyAz is the power ﬂowrng out of the drelectrlc regron 1nto the conductor Thrs_
approxrmately equals the power lost in the dlstance Az

, Settlng the power lost in the dlelectrrc in the 2 direction equal to the power ﬁowmg
‘lnto the conductor we get - : :

- ;WTdAyzaa.pAz'=wxz.\yAz-.-:- o (329)
Solving'for Qupy | o o S
o, == . o o (3.27)
L 2WTd ) . : ST . o

We w1ll show that a, compares favorably with the exact attenuatlon obtalned
from the dISpel'IOIl relatlonshrp L B ‘ o o ,

‘The method used to obtam the approx1mate attenuatlon utrhzes a srmpllﬁed form
~of the real part of the complex version of the Poynting Theorem Ad ThlS srmphﬁcatron is
v1able if ais small re 1f P >>P ' ‘ '

3. 7 Two Layer Structures

_ The two layer structure which supports the surface plasmon mode has been

, ’adequately studled by others and i is not reproduced here. Very long propagatlon

- distances are obtamedm_"

- 8. Jordan and Balmain, p 173 :
9. ’.Jolmk Engmcermg Electromagnetzc Fields and Waves (New York: John Wlley & Sons, Inc 1965)_ :
. PP. 417-422. _ E
10. T. K. Gustafson, “Coherent Conversron of the Sunlrght Spectrum v NASA Grant NAG-3-88 (July,

1980 - April, 1982), Chapter III. ,

11.-J. Schoenwald, E. Burstein and J. M Elson “Propagatlon of Surface Polantons over Macroscoprc ’
Distances at Optical Frequencies,” Solid Statc Commumcatwns 12, no. 3(1973) pp-. 185-189
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3. 8 Three Layer Structures , o _
“Two three layer structures were studled a structure cons1st1ng of ox1de—metal—
oxide where the metal is a thin metal layer, and a structure consisting of a metal-
~ oxide-metal in which the oxide layer is thin. The ﬁrst of these is of 1nterest because of -
the long propagation distances which can be obtained with this structure. The second
(Is of interest because it is the simplest form of a tunnel diode that can be constructed.
It can give us lnformatlon on the modes of propagatlon and strength of the electric ﬁeld
in the tunnellng region.

3.8.1 The Oxrde—Metal-Oxrde Wavegulde

The first wavegulde we w111 cons1der is the symmetrlc ox1de-metal-ox1de(OMO)
structure, where both oxides are the same material (In Fig. 3.4, n;=n4= = TR

Thls OMO wavegulde cannot be used in the proposed solar cell because no
tunnehng exists from one layer to another However, this wavegmde is considered here
because it prov1des 1ns1ght into whlch materlals may be acceptable in the wavegulde

structure o -
| Flgure 35 shows ano,m for both the TMo mode and the TMI mode for thrs
vstructure : »
S w :

Q= Quorm ? k-(3‘28)
We see from Fig. 3.5 that as the width of the metal is reduced, the wave will
- propagate farther for the TM,; mode. If the TM; mode i is present, the wave will

attenuate much faster as the thlckness of the metal decreases. .

Since our primary interest is in low loss modes we w1ll focus our attentlon on the
TMO mode. ,

In table 3.1, we show the dependence of & on frequency in a symmetric oxide-
silver-oxide waveguide. In these caleulations we chose n;=nz=1.5. n,, the index of
refraction of silver, is from Johnson and Christy’s paper12. The attenuation increases
as the frequency increases. '

In table 3.2, the index of refraction of the oxide layers (nl ny) is varied in a
symmetric oxide-silver-oxide waveguide. In these calculations we have held Iy and the
frequency constant (n2— 06—j4.152 (silver), {=4.86x101Hz). o increases as nj, ng
increase. ' ' ’ ' :

12. P.B. Johnson and R.W. Christy, “Optlcal Constants of the Noble Metals,” Physical Review B e, no.
12 (15 December, 1972}, pp. 4370-4379. » : ‘



- - 20-

(a)
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Figure 3.4. (a) TMo‘ahd the (b)VTM'l.lmodes of the 'vthreex layer-,‘w5veguide, -
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‘ Table 3.1
a(x10%cm™) in the OMO waveguide
as the frequency of light is varied.

d(angstroms)

freq(Hz) n, 180. 200. 300. | 400. | 500.
426.x101 | .04-j4.838 || .046 .060 16 32 49
486.x10'% | .06 -j4.152 || .156 200 | .51 97 1.49
547.x10' | .06-j3.586 || .334 422 | 1.06 | 1.93 2.92
604.x10'* | .05-j3.093 || .587 741 | 1.80 | 3.24 4.82
665.x10'4 | .04 -j2.657 || 1.03 1.29 3.11 | 5.60 8.30
725.x10'* | ..05-j2.275 || 2.93 3.69 9.07 | 16.7 25.1

| 786.x10'* | .05-j1.864 || 8.39 | 10.8 30.1 | 640 | 108.




| Table 3.2 -
a(x 102cmf1) in the OMO waveguide as n; and nj are varied.
C d(angstromé)

n,,ng 180. 200. 300. 400. 500.
1.0 0250 . .0332 0986 203 | 330
1.5 155 | .200 516 972 1.49
2.0 647 816 1.97 3.50 . 5.09
2.5 217 2.71 6.48 11.2 15.7
3.0 - 6.48 8.28 21.1 37.1 - 50.5
3.5 || 19.6 263 86.5 ~ 168. - 213
40 || 777. 1290. - 3140. 2830. 2650.




In table 3.3, the eﬁect of dlfferent metals are are exammed whlle holdmg B
n;=ng=1.5 and {=4.86x10"*Hz . The indices of refraction for silver(Ag) and gold(Au)
are from Johnson and Christy’s paper The mdxces for the other metals are lxsted in”
‘ the Gmelin Handbuch serles13 TR ' o Co '

" From table 3.3, it appears that potassmm(K) rubidium(Rb) ‘calCium(Ca) and
magnesium(Mg) would work about as well as sxlver(Ag), for a low loss wavegulde W ith
the possible exceptlon of magnesmm these materlals do not appear to be practxcal
alternatives. ’ '

' 3.8. 2 The Metal—Oxnde—Metal Wavegulde : i S e

7 The metal-oxxde—metal (MOM) waveguide | is made up of a thin layer of ox1de
sandwiched between two semi-infinite metal layers. Unlike the OMO waveguide,
'tunnehng can occur in the MOM waveguide. Tunneling will only occur if the electric
field doesn’t change 31gn in the ox1de The only mode where thrs requlrement is met is

the TMO mode. , _ , T o
- ,: Unfortunately, as the oxnde layer thlckness is decreased the attenuatlon mcreases
for the TM, mode and the TMl mode. See Flg 3. 6 The region of mterest for
tunnelmg is for. d< Ol IIllCl'OIlS : S :
, Since we are mterested in tunnelmg modes, tables 3.4, 3. 5 and 3.6 dlsplay the

attenuation of the TMO mode as a functlon of frequency, oxxde mdex of refract:on and
, metal type. ‘ ‘ , ‘
In table 3.4, the frequency is vaned in a symmetrlc snlver—ox1de-sxlver wavegulde »
ny=ng = = index of refraction of silver.- n2——l 0. As the frequency increases; « lncreases.'v' -
In table 3.5, the index of refraction of the oxide layer (n2) is vaned
 n;=ng=. 06—14 152 (silver). f=4. 86x 10"4Hz . I .

~In table 3.6, the effect of different metals is examined. (ny=1.0. f;4,86x101'4Hz).' |

~ From table 3.6, potassium(K), rubidium(Rb), magnesium(Mg) and calcium(Ca)
- would be better metalis to use in the waveguides than silver(Ag) at f -_,—4.86)'(:1’0”1 Hz if
“the chemical .vpro‘blems; could be overcome. LT .

2.9 Four Layer Structures

The discussion presented in this sectlon involves one speclﬁc type of wavegulde
alr»sﬂver-ox1de—sﬂver(ASOS) The parameters needed in thlS sect1on are presented in

v Flg 37

13. Gmehn Handbuch Der Anorgamschen Chemte Ed. R J. Meyer and EH Pletsch (Berlm Verlag‘
Chemle) o _ : o



‘o(x10’°cm™") in the OMO waveguide as n, is varied.
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Table 3.3

d(angstroms)

metal n, 180. 200. 300. 400. 500.
Ag .06 -j 4.152 || 156 | .200 516 972 | 1.49
Au 21-73272 {104 | 130 | 3.18 596 | 9.34
Ca | .29-j7.94 284 374 913 | 139 | 172
Cs .326-j 4.01 910 | 1.16 2.99 564 - | 8.66
K | .067-j24.0 || 0143 | .0152 | .0166 | .0167 | .0168
Mg | .43-j12.0 208 367 .651 790 | .844
Na .048-j 2.5 573 716 | 1.71 3.19 5.12
Rb | .135-j10.0 .110 .140 292 392 442
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as the frequency of light is varied.
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o Table 3.4
o(x10%cm™) in the MOM waveguide

R d(angstroms)
freq(Hz) " ny,ng 10. 20. 30. 40. | 50.
426.x10' | .04 +j4.838 || 1.20 522 328 | 242 | 192
486.x10'* | .06 +j4.152 | 3.02 | 1.32 815 | .586 | .460
547.x10' | .06 +j3.586 || 4.92 | 221 1.35 | .856 | .738
604.x10'* | .05 +j3.093 || . 6.60 [ 3.06 | 1.89 | 133 | 102
665.x10'* | .04 +j2.657 || 8.55 | 4.08 2.58 | 1.82 | 1.39
725.x10" | .05 +j2.275 || 17.5 |- 8.52 548 | 397 | 3.05
| 786.x10™ | 05 +j1.864 || 33.6 | 16.6 | 10.9 8.02 | 6.29
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Table 3.5
o(x10%cm™) in the MOM waveguide as n, is varied.
d(angstroms)

n, || 10. | 20. 30. 40. 50.
110 || 3.02 | 1.32 815 586 | .460
1.5 7.46 3.50 2:18 1.54 1.18
20 || 14.0 6.83 4.39 3.18 2.44
2.5 || 24.0 11.9 7.78 5.72 4.47
3.0 || 41.3 | 20.6 13.5 10.1 7.98
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Table 3.6

| ofx 104cm"l) in the MOM waveguide as n, and nj are varied. :

o d(angstromﬁ) | o ,
‘metal | . n;ng 10. 20. 30. | 40. | 50
Ag | 08 +j4152 || 302 | 1.32 815 | 586 | .460
“Au | .21 +j3.272 ([ 232 10.8 6.69 | 474 - | 3.60
Ca | .29 +j7.94 | 1.59 867 | 634 | .514 | 439
- Cs | 326+j4.01 | 183 803 | 492 | 3.52 275 |

K | .067+j240 || 0394 | 0261 | .0203 | .0168 | .0145 |-
‘Mg | 43 +j12.0 || 868 547 | 421 | 351 | .303
Na | .048+j25 || 125 614 | 398 |28 |22

‘Rb | .135+j10.0 408 | 244 185 | 153 .| .132




o »’ ’_Figﬁr_é 37, The four layér wéveguide. IR



" Two modes have been found in the ASOS Waveguide One is the TMw or short

- range mode and one is the TMy, or the long range mode. The subscrlpt 10 mieans that
there is 1 node in the second layer and 0 nodes in the third layer. The subscript 00
means that there are no nodes in the second and third- layers Flgure 3 8 dlsplays
examples of both of these modes. ' ' s

I n;=1.0, ng=1.5, Dy =n =005 =.06— j4.152, d=180. x10'1°m h=10. X10- 10 and |
f =4 86 x 10'4Hz, then for the TMyy mode, :

K, =L 05x105—19 47x10‘(cm S

e e -",':'a:,g..47;r10v‘(‘crrr»‘i)."
L1kew1se for the TM10 mode T
| k, 267x106—17 47x104(cm )

and .
a=T. 47x104(cm'1)
Waves can propaga,te long d1stances in thls wavegulde because the propagatlon

. dlsta,nce( i ) of the TMOO rnode(n3 = 1 5) exceeds 100 microns.

3.9. l Perturbatlon of n3 in the Four Layer Wavegurde |

, In thls sectlon we consrder the effects of varlatlons in the lndex of refractlon in the
thln ‘oxide” layer Table 3. 7 dlsplays a and §- (See eqn. (3. 6) ) as the index of

~ refraction of the ox1de layer varies. For table 3.7, n;=1.0-j0.0; ny=n,=. 06—14 152
d=180.x10"m; h= 10 x10°m and f=4. 86x10' Hz. All of these modes are TM00 ~
modes except for

n3=20. —JO - Ter |

n3—25.—]0. o ) TM]I

ny=414-j98  TMy,.

3.9.2 a, of Some Four Layer Waveguldes

In sectlon 3.6, a procedure was presented for finding an approxrma,te value of the
attenuation based upon knowledge of the electric field distribution. In table 3.8, the
 results of this procedure are compared to the actual attenua‘tion for the TMgy mode.

For the short range T,o mode, when nl—l 0-§0.; n2——n4-— 06—, 34 152; n3—l 5— ]0

- d= 180x10’1°m h=10.x10"""m and [=4.86x10" Hz,
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. Tabledr
| B(x10° cmfl), and'g()ic'102"_cm71)'f _
of the four layer waveguide.

1500 | 1.05 947
10.0-j 0.0 || 1.05 1.23
20.0-j 0.0 || 1.09 | - 5.62
25.0-j 0.0 || 1.24 | 777.

| 15j75 || 105 | 1.46
| 15-j9.8 |l 1.05 1.49
16.0-j9.8 || 1.05 | 13.1 -
23.2-j9.8 || 1.03 | 211
20.0-j9.8 || L02 | 142 -
41.4-j9.8 || 1.03 | 3.83
1.5-j12.0 || 1.05 | 1.46
1.5-j18.0 [l 1.04 [ 1.26 -

1.5-j25.0 || .04 | - 958 |
1.5-j39.9 |/ 104 |  .533
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. Table3s
~ ax10% cm™) and aap(xloz' cmv‘l)‘ .
- of the four layer waveguide.

ng || Wpg | Wy | @ | oy
1500 || .1533 | 2898 047 | 945
10.0-j.0.0 || .144 3.55 1.23 1.23
20.0-j 0.0 || .1025 | 11545 | 5.62 5.63
25.0-j 0.0 || .0481 | 745. 777. | 775,
15§75 || 1565 4561 | 146 1.46
'1.5-j9.8 || .1592 4.731 149 | 149
16.0-j 9.8 || .15688 | 41.248 | 13.1 | 131
|123.2-j9.8 || .18143 | 76545 | 211 21.1
29.0-j 9.8 || .25222 | 71.506 14.2 14.2
41.4-j 9.8 || .28636 | 21.978 383 | 381
1.5-12.0 || .1622 |  4.747 146 | 146
1.5-j18.0 || .17132 |  4.3147 1.26 1.26
1.5-j25.0 || .18195 | = 3.4844 958 | .958
1.5-j39.9 || .19935 | 2.1253 533 533
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«=7.47x10%(cm™")
and
ap=1- 46x104(cm ) .

The most obvious result from the analy51s of the four layer waveguide is that a, 2
defined in eqn (3.‘28) is a very good approximation.

3.10 Five Layer Structures . _ »

The five layer waveguide structure illustrated in Fig 3.9 has been analyzed and the
results compared with those of Stegeman and Burke!. This was done to ascertain that i
the program used to calculate the wave number is correct for five layers.

Four modes have been studied - TMooo TMg10 TM g, and TM,y;.

The fields for these modes are shown in Fig. 3.10. In Fig. 3.11, nl——n3-—n5——l 5,
nf=nl=-46. - j2., d;= d,=150. x10“1°m f=3.5x10'*Hz and propagatlon dlstance =
1
20
~ The results obtained are in agreement with those of Stegeman and Burke.

14. G.I. Stegeman and J.J. Burke, “Long Range Surface Plasmons in Electrbde Structures,” Applied
Physics Letters, 43, no. 3 (1 August, 1983), pp. 222-223.
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4. Tunnel Detector

In this section we wxll present.a qualitative discussion of the operatlou of the
tunnel diode detector and the various factors whlch impose limits on the efﬁclent
operation of this detector. We will describe various structures whlch have the potentlal
for broadband detection. One of the these is a cascaded structure which is similar in
concept to a cascaded multlgap conventlonal solar cell structure The other is a
structure which in concept, is similar: to a spllt spectrum conventional solar cell We
will present a descrlptlon of the technique for estimating the absorptlon coefficient

“associated with tunneling in a dlstrlbuted tunnel structure and we w1ll present '
quantltatlve results on the strength of the coupling to a tunnel diode. Flnally, we will
describe a stacked tunnel diode structure which may have the potential for overcoming
some of the weaknesses 1dent1ﬁed with a single tunnel diode detector

4 1. Operatron of a Tunnel Detector

- In Fig. 4.1, we've shown a metal-lnsulator-semlconductor tunnel structure. ThlS
structure ‘was chosen rather than a metal-insulator-metal structure since it is difficult to
obtain sufficient assymmetry in the characterlstlcs of a metal-insulator-metal tunnel
diode to give useful and efficient energy conversion.

As the electromagnetlc wave propagates through the tunnel diode, shown in Flgure

1, (the direction of propagation is normal to the page) the electric field component
across the insulator can result in increased tunneling through the thin ivnsulatingv region.
Under equilibrium conditions, the tunneling currents in the two directions are equal in
magnitude and opposite in sign; however, in the presence of an electric field, the |
transitions of electrons from the valence band in the semiconductor to the conduction
band in the metal is enhanced, since there is a large supply of occupied valence band
states and a large number of unoccupied states in the metal above the Fermi level.
Transitions in the other direction would be aided by the other half cycle of the
electromagnetic wave; however, this does not oceur (at least for photons with energy
less than the energy between the Fermi level and the conduction band edge) as there
are no states for the electrons from the metal to tunnel to on the semiconductor side
unless the energy is greater than the energy of the conduction band edge. Thus, this
asymmetric structure will allow tunneling of electrons from the valence band of the
semiconductor to the metal. This, of course, will increase the potential of the metal
relative to the semiconductor. In Fig. 4.2, we show the open circuit condition in the
presence of sufficient photons to lift the metal potential by a voltage V4. Iu thiscase,
transitions from the valence band to the metal will require the aid of photons with “
energies greater than qV, + E; — E,. In addition, tunneling in the reverse direction
(from the metal into the conduction band of the semiconductor) requires photons with
energy greater than E, — E; — qV,. As the diode assumes a forward bias as a result of -
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Figure 4.1. ~ Metal insulator semiconductor tunnel struct_ui'e under éq.ui-li"brihm c§ndi— ,
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the conversion of the EM wave into DC electric energy, the'forw‘ard tun’neling is
reduced, srnce fewer photons with sufficient energy to cause the tunnelmg to occur are -
available as compared to the zero bias case. As the forward bias on the diode bu1lds
up, the reverse tunneling process is enhanced, since as the photon energy required for
reverse tunnellng is reduced and the number of photons with enough energy to cause
reverse tunneling is ‘increased.” In the simple ideal case, this means that when
qVa ~ E,/2 the forward and reverse tunneling currents will be equal and the blas
voltage on the diode will not increase further Thus the open c1rcu1t voltage on such a
devxce will be l1m1ted to o ‘ '
Voo ™ 2—q
Actually the open circuit voltage will be somewhat less than this since application
of a forward bias will cause dark current to ﬂow as a result of tunnellng from the metal
into interfacial states at the. 1nsulator semlconductor boundary as well as do to
thermionic emission over the barrler In any event, one of the fundamental lrmlts ol' a
, devxce of this sort is that the open crrcurt voltage will be limited to E /2q “This is in
contrast to a conventional solar cell where the limit, in theory, is approximately equal .
to E,/q. This may not be'a serious problem, hoWeyer, since the tunnel structures are
masjority carrier devices and one is not limited in the choice of semiconductors in the
same way as in a conventlonal solar cell. In a conventional solar cell, the choice ol’
semlconductor materials is limited to those with relatwely long mlnorlty carrler -
hfetlmes or in the case of short lifetime materials, those which have direct energy gaps.
Such restrlctlons do not apply to this device. Hence the necessrty for movmg to wxde
gap materlals may not be a serious problem ‘

It's lnterestlng to note that the portion of the spectrum whlch is utilized by the
tunnel diode is a function of the bias on the device. In the unbiased device nearly any
photons have sufficient energy to aid in the tunneling process. As a bias develops on
the cell only those photons with energy in excess of the applied bias can take part. By

analogy with conventional solar cells, this is equivalent to having a material with an
_electronically variable band gap. ThlS leads us to conslder an 1nterestmg cascade '

structure

4.2 Casca.ded Tunnel Structures

The electronic tunability of a tunnel diode structure offers a unique opportunity
for the broadband conversion of solar energy. Consider a cascade arrangement of
tunnel structures as shown in Fig. 4.3, where the electromagnetic energy enters from
the left and propagates through the structure to the right. Consider the structure
initially in equilibrium with the diodes unbiased, then turn on the propagating
broadband EM. wave and assume for the moment that the absorption coefficient
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Figuré 43. A cascaded multi-element tunnel detector in which plasmons of highest
energy are absorbed at the right end of the structure. This structure is
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ly decreasmg bandgap. : .
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associated with tunneling is very high. The propagating wave strikes the first diode on
the left causing tunneling to.occur. ‘This in turn will cause the first diode to self bias to -
a voltage equal to Eg/ 2q, assuming there are sufficient photons in the incident wave to -
cause this to happen. As the bias on the diode increases, those photons in the long
wavelength portion of the spectrum will no longer have sufﬁcient*-energy; to_cau'se
tunneling to occur. The absorption coefficient at those wavelengths will fall rapidly in-
“the first diode. Thus, as the first diode self biases to its maximum value, the diode

“ becomes transparent to all photons except those with energy greater than qV;.
Photons not absorbed in the first diode will then propagate through the: first dlode and
impinge on the second diode, The second diode then will self blas to a value set by the
maximum photon energy whlch passes through the ﬁrst dlode As the blas on the
second diode increases, it too becomes transparent to the longest wavelength photons
which then pass on through to the third diode and so on. Thus the cascade structure
eventually will assume a bias on each of the diodes which is cousrstent w1th )
mamtamlng an equlllbrlum condition between tunneling in the forward dlrectlon due to
photon aided tunnelling processes and dark current flow in the reverse dlrectlon as
discussed in the previous section. This cascade structure is the analog of a multlgap
stacked structure of: conventlonal pn cells However it does not require multigap
semiconductors. A single semiconductor energy gap is sufficient for the entire device.

In Flg 4.4, we show an embodlment of the same idea in which we use n-type and p-
type tunnel diodes. This will double the voltage generated by the structures '

“As shown in Figs. 4.3 and 4.4, one electrode of all the dlodes s common. This
presents some problems for power condltlomng It is possrble that this problem can be
eliminated by sectioning with: isolation regions between the diodes which are small
enough that they do not strongly mﬂuence the propagatlon of the electromagnetlc
wave.

4.3. Strength of Coupling Between the EM Wave and the Tunneling Process
~ As noted in section 2, the tunnel structure needs to be treated as a distributed
system. The absorption which results from the tunneling process must be large with
respect to other loss mechanisms if efficient energy conversion is to result. In this
section we will discuss a technique for estimating the absorption due to tunneling.

In our calculations of attenuation due to losses during propagation down the
waveguide we have assumed that the dielectric was lossless. In section 3.6 we presented
a technique for the calculation of theapproximate value of the attenuation coefficient
based on the power flow from the dielectric region into the metal. -

- In that discussion, —%fSRe[Exﬁ‘]-dgzo because the volume enclosed by S was

located in the lossless layer of the waveguide. Its boundaries were at z = z, and
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F igute"4.4 The same conﬁg'uratlon as in Flgure 4. 3 thh the exceptxon that the elec-
trodes are doped semiconductors. |



-“. 46,

z—z+Az y—yoandy—yo+Ayandx—-—ooandx—0 7

- In this section we will compute the attenuation due to tunneling using a similar
technique. In this case however, the boundaries of the enclosed volume are located at
z =z, and z = =z,+Az;y =y,andy =y, tAy and x = —o0 and x = = +oo. I\eepmg
this in mlnd the’ power ﬁowmg through the plane at: 7z =z, is WpAy where '

fP all layers)dxdy Ay fP all layers)dx = WTAy : | (4._la)

Usrng the same argument that produced eqn (3 25) the power ﬂowmg through the
plane at z=z,+ Az equals WpAy(1-2aAz).

~ In the volume specified, ; , .
L (ReExdS=WrAy A (4)

‘WTAy2a’ Az equals the net, time-average pov&;er-ﬂux entering the closed surface S'.
~ Since the time-average power flux enterlng S equals the average power dissipated msrde '
S?, then ’ '
wTA_yza' Az =L =L, +L, o (42a)
where L, is the average power dissipated due to the ohmic losses in' the aneguide.:and_ ‘
L, is the power extracted due to tunneling.
L can be separated into L, and L, because of the assumption k,>>a'. USing this
same'argument, o . ' '
7 o =a ‘o, o S (4.2b)
where o equals the attenuatlon due to ohmic losses and @, equals the’ attenuation due

to tunneling(attenuation due to the extraction of the energy from the waveguldes
through tunnehng) : _

Separating the respective terms in eqns. (4.2a) and (4.2b), :

WrAy2a,Az = L, ' - | (4.3a)
or | »
L
T . (4.3b)
WrAy24Az o

By definition,

1. Cal Johnk, Engzneermg Electromagnetzc Fields and Waves, (New York: John Wlley & Sons, Inc
1965), p. 419. .

2. Ibid., p. 415.
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Lt:_; ij_x (oxide)dr. R C %)

J is the current through the oxide due to tunnéling. ET,;(oxidé) is the electric field in the
x direction across the oxide. dr is a volume element. ,

Since electrons tunnel in the x direction across the waveguide, the current flows in
the x direction. Assuming that the electric field remains constant across the tunneling
layer and J is constant with respect to the spatial coordinates, then
'V

2

Lt:%J*E;(oxide)AxAyAzz—- AyAz. (4.5)

where A
V=-E (oxide)Ax. (4.6a)

and Ax is the oxide thickness. : _
Let o' be defined as a tunneling conductivity that relates J to E, (oxide). Due to |
the nature of tunneling, o' varies as E_(oxide) varies. By definition, '

J=o'E (oxide). (48b)
Eqn. (4.5) now becomes

|Ex(oxide)|2 | ’ .
L,=¢ —T—AxAyAz. , ‘ (4.7)

Using equation (4.5), éqn. (4.3b) becomes |
' v

= . 4.8
ay 4WT . ( )
From eqn. (4.6a),
| _ J'E(oxide)Ax io
at;— 4WT * ( ° )

In this discussion, o, will only be considered for the four layer waveguide.



. 48-

4.3.1 o, for the long range mode (TMgg)
For the long range mode, Wr~Wry and eqn (4.1a) becomes.
Wopg=JP,idx o o (410)
where P;; i is P, in the air layer. : TP |

Now P, ;, is proportional to | Hy| > where H, is given in equatlon (3. 14b) Due to
the boundary condition at x=co, B;=0 in equatlon (3-14b) and - '

e o
where k,;; is k, in the air layer. Eqn. (4.10) becomes
v i=oo ‘ ' ' o
W= f P,(0%)e g | - (4.122)
which, when integrated is . -
P,(0*
wp, 2P0
200, 55

where a,,;, is the real part of j(ku;)- P,(0%) is the Poynting vector in the z direction
located on the air side of the air-metal interface. ' ‘
Eqns. (3.19), (3.21) and (3 22) show tha.t

P,(0 +) Re|~ 59 +)2H (0+)] | :(4.13)
~ and _ o
~P,0%)=R Iw;ai'llE (:)'2 (4.14)
For the long range rhode, €45 =€, and | |
| kzz%kz‘nmm (4.15)

is the normalized or dimensionless wave number in the z direction. Since

where Kznorm
| __ 1
c— ’
e0“0 o .
eqn. (4.14)'bec'omes _ -
E(0"]? | | |
P0%)= l———l—(J(y” (s

2R [kznorm]
By definition,

:“J%)‘n;
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Vo fe) =371,
- .80 ¢ B v . )
|Ef0h)?
2(377Q)Re[kznorm]

P,0)=

Comblmng eqn. (4.17) w1th (4 12b), ,
Wppee LB
Td 4(377Q)Re[kznorm]axalr :'

And placing eqn. (4.18) into (4.9),

o, =J"E,(oxide) A"

 4.3.2 a, for the sho'rt.;- raﬁge mbde (TMIO)
For the short range mode (WT~WTd)
» WTd—sz(omde)

From evqn. (3.21),

- P,(oxide)= Re[ ox) 1 IE (Og.lde)l

2 (377Q)Re[kznorm] ax air.

o

. | (4.18).

(4.19)

(4:20)

’(4V.21j

If the electric field across the ox1de(ETx(oxide)) is constant, then va(dxide) is independent

of x and

” WTd——P ox1de fdx ox1de)Ax.

Place eqn (4 22) mto eqn (4.9), then
_ J*E, (oxide)Ax
= 4P (oxide)Ax

. ‘Subs'equently,' S

FE(0xide)(3770)  Kyorm.
at’: — Re ] S
2|Ex(ox1de)|2 : €rox

where €, is the relative permittivity of the oxide.

. (422)
: (4.23)

:('41,24")
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4.4 Calculation of J
Whlteley and Gustafson3 have der1ved the equatlon for the rnelastxc tunnel current

J= 232 (h/2 ) )[J(vo th)] : | "~ (4 25) |

27re

where [J(V +——)] equals the elastlc current at the bias potentlal (V +——)

is the apphed blas voltage. J, is the n* order Bessel function of the first kmd and h is

Planck’s constant. : v : %
FOl‘Athl»S solar cell, e Lo e - _

V,=Fjoxid)ax o (426)

\Jhere Ax equals the width of the oxide. | o SR

2

The sum in n varies from —co to +oo For a symmetrrc dlode, J= O—A— because :
m .

the current dlrected one way equals the current in the opposrte direction.

a, is calculated in section 4.5 for a symmetrlc diode. As a rough estimate for & .
non-symmetric diode, it is assumed that the summation in eqn. (4.25) is from n = =90 to o
n = +oco. This assumptlon was used so we could ﬁnd a non-zero value of a, that could

be compared to a.

4.5 Attenuation Due to Tunneling

In section 4.3 a procedure for calculating the attenuatron due to tunnelmg for both
modes of the four layer wavegulde(alr-sﬂver-ox1de-sﬂver) was presented This section
presents the values of the attenuation calculated using this procedure We have - o
‘assumed n;=1.0; np=n,=. 06-j4.152 and ny=1.5. f=4.86x10'* Hz. d=150.x10""m and

h=10.x10"m. E (oxide)=5.x10°—— Voxi:s nd J=31. 25&;E 4; These values are -
' cm

representative’ of those which can be expected.
For the long range or TMOG mode (E, (0 +)22E, (oxide)),

o, =1. 54x10'5(cm ).

Comparing &, with the a for the TMpy mode found in section 3‘9;

3. S.R. Whiteley and TK. Gustafson, “Statronary State Model for Normal Metal Tunnel Junctron'A
Phenomena,” IEEE Journal of Quantum Electronics, QE—IS no. 9 (September 1982) Pp- 1387-1398.

4. CB. Duke, Tunneiing in Solids, (New York: Academic Press, Inc., 1969), p. 62.
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For the short range or TMIO mode the couphng is much stronger and
| @, =1.5x10"(em™).
,Comparihg‘ ay w1th the «a for the TM, mode fou_nd"in se_ctioh' 39, '
oo Dl 201x107 .
v @ 747104
Thus we see that for both the TMOO and the TMlo modes the attenuatlon due to
tunnehng (at) 1s too small for the solar cell to be operatlonal in the ASOS wavegulde
If this dev1ce is to be eﬂicnent at/a must be much larger than 1. Elther o, must be ‘
1ncreased srgnlﬁcantly or a must be reduced or both

4 6. Stacked Devrce

Two. dlﬂicultles ha.ve been 1dent1ﬁed w1th using a tunnel dlode structure for the
conversion of solar energy ‘lnto electrical energy. The first of these results from the fact
that the presence.of metal causes propagation losses. The second arises from the fact -
‘that the electromagnetic wave is weakly coupled into the tunnel structure, and hence
the absorption coefficient due to tunneling is quite small. The reason for the latter is
apparent if we consult Fig. 4.5a in which it is seen that when most of the energy is
~ stored in a region external to the tunnel structure, the coupling between the energy.
propagating in the structure and the tunneling process is very weak. When most of the
- energy is stored i in the tunnel region (Figure 4.5b) the absorption coefficient is 3 orders
of magnitude larger. However, in this case the propagation losses are also 3- orders of
magnitude higher. One possible solution to this problem is to use the structure shown
in Fig. 4.6, in which a series of tunnel structures is stacked one upon another, such that
the thickness of the total structure approaches the thickness of the region in whlch the
energy is stored. A much stronger coupling would be expected between the
_electromagnetic wave a,nd this stacked structure. In addition, wherever possible, the
metal of the structure is replaced by a semiconductor, thus reducmg the propagatlon
losses i In this structure.
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Figure 4.6. A stack of tunnel diodes. This conﬁguratxon should increase the couplmg
“to the electromagnetxc wave. :
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5. Conclusions and 'I-mpli(:a,t‘ions for Future Work
Results obtained to date indicate the followmg '
Metal—msulator—metal tunnel structures do not contain sufficient’ aqymmetry in-
their properties to allow efficient conversion of solar energy. Structures requ1re_d_

will be either metal-msulator-semlconductor structures or semlconductor- L
1nsulator—sem1conductor structures. ‘

It is useful to take a general view of the guided waves and not. conﬁne :
consideration to surface plasmons. _
Even if mode conversion between a surface p‘lasmon'.é‘nd a tunnel mode plasmon
can be efficiently accomplished, the coupling between the tunnel mode plasmon
and tunneling is sufficiently weak that most of the energy is lost in propagatlon
losses a.nd is not converted to useful energy. _

If the proper matenals can be found such that the strong coupling into photon
aided tunneling can occur, a cascaded tunnel diode structure appears to be
promising for broadband energy conversion. ‘

The tunnel diode has many of the characteristics that one would attribute to an
electronically tunable bandgap in a conventlonal solar cell.
A stack of tunnel diodes may be a promlslng way of obtalmng more efﬁcwnt

~ coupling into a guided wave. '

At this point, a critical problem would appear to be the determmatlon of whether
or not it is possible to obtain strong enough coupling of the photons into.
tunneling process to make the energy conversion scheme feasible.

We should remove as much metal from the structure as possible.
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‘ A'ppehdix A

As dlscussed in sectlon 3.2, a method exists by which the dlspersmn relatlonshlp
can be obtained for parallel plate waveguldes This appendix demonstrates how to use

this method for a four layer waveguide.

Since the modes of interest for the solar cell are TM modes only the d1spersnon B

| relatxonshlp for the TM modes will be calculated. .
An example of a four layer waveguide is presented in Flg 3.7.

The magnetic fields in each of the layers can be represented as

H, "'B,e_”/’x o layer 1
Hy, =Apeif +Boe it td) layer 2
Hy, =Ageit 0+ Byedele 4t layer 3
H4y=A4ej”(x+d+h)‘ D E  layer 4
where
p=4/0f(Z) &}
‘cv
- 2w ‘_k2
=4/ 02() ki
2
SAVA (bole
¢
(WA Y G0

For the TM mode,

and consequently, the E, fields in the four‘ layers are

(A;la)._ ) %

(A1)

(A1)
| (4-2&)]

(A2b) |
N

(A-2d)
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"El"_e_‘]a:- _J¢Ble "l’x R ~ (A3a)

Eg; =

;;Jg»fjg[_Az-eia+Bzg—jc(x+d)] .

| E3z:e_?a-)_ _'j'c,[“Aséj'é(x’fd)+Bae_j"(x+_d+h)] A3

Bu= s —jv[rA4ei*<¥fd>1‘. S e

The boundary condltlon of Maxwell’s eqns. state that the tangentlal magnetlc and
tangentlal electrlc fields are contlnuous across-the layer lnterfaces C

At x—O or the lnterface between layers 1 and 2 | ‘ S
. v 'H' _sz : | o (A.b_fla)f

, . Eu”’:E'z',,-‘ I | o '](A.4b)"

| Therefore, - . o : . :

| Bi=Ay+Be (A

-"1’—31 —i-(—A2+Bze-wd) R B  (ASH)

From eqns (A 53) and (A 5b) we obtaln

B o | |
A2=——'—( ‘_5;0_2) B  (AGa)

Ve

By 2(1+———-)ewd ke

At x_.=i¥:d, or the interfaee between’layers 2 and 3,
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. Eu=Ey.

Therefore, ) | ‘
‘ Aze-j (dr + 82 :A3 + B3e_'_i «h

S [-Age i+ By| =S [-A; +Bye ] ],
€ o €3 :

At x =—(d +h), or the interface betWeen layers 3 and 4,

, Hy, =H,, :

E3z :Eéz 0
Therefore, B V ‘ .
Age it +By=A,

“"[_A e_"‘h +Ba] —‘A4l- -
€4

From eqns. (A. 10a) and (A 10b)
A, €3 .y
A=t + 8y ish
A,

(1"_)

B;=—
37 2 Key

Placing eqns. (A.6) and (A.11) into eqns. (A.8), we obtain

2B it 2L (1 S
2 ser 2 §€q
A4

2 K€y 2 lce4

__(1 )eth+_(1_ ) -jxh a

Cam)
. ._(A.,8a)
(Asb)

_ '(A’..Q'a). '7

(Aaoh)

Alla)

. (Alb)

)



L_ ¢‘2 . _1”_2, it = o
€ 2[(' S‘fl) . - §€1) i

'-,ic.A4‘ ’73
€3 2[(l K€,

)_’"h (l+ )e"‘hle o '(‘A~Il,2b)‘

Combih:ing 't-l;;'ek‘povnépt'sv, eqné.. (A 12) Become'
Ve |
B, [cosh(j¢d) + —g—e——smh( j¢d))=
€

-A,,[co‘sh(jich)-k;%isihh(jnh)],f- '  (Al3a)
4 ‘ . . .

o —S—Bl[sinh(jgd-)+—'é':—2c'osh(j§d)]=
—A,[-sinh(jkh}=——cosh(jxh)] .. _ “(A.13b)
& ke o L

. Solving for B;/A, from eqns. (A.13),

B cosh(ych)*l-;-smh(mh) L 3 -
= e ¢54  — (Al
: cosh(jgd)+“;‘g‘5inh(j§d) . | |

andv

—Sinh(jlch)-;'-zicosh(jfch), o ,
Bl _ Keg o Key . .
Y 7 7

A e we
55 -sinh’(jgd)+?cosh(jgd)
(3]

The rlght hand sxdes of equs. (A 14a) and (A. 14b) equal each other and we obtain

' l+l—tanh(1nh) “ —tanh(]lch)——— .
K€y T Key U Keg R
= [- - | - (A.15)

1 +¢——tanh(]§d) s tanh(1gd)+£——
& §€1
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Multlply both 51des of eqn

e T (tanh(jg_d)w%‘lf—) .
(1+——tanh(jl€h))[n ¢ — ] —i
1 + ?—tanh(jgd)

v o t én#(J&h) Keg
NoWlet- .
S tanh(jgd)+—'/3—,l: |

. ¢€3 o o {6:]_

- Keég - € L.
% 1+—tanh(j¢d)
o gel S

- then

i+ _Ze-_s,gt?]]_h(j,nh))f =.‘ —tvy::,\,r‘i‘h(jlch_)—vf;-:e—3

~or in another form, i
’7 3 .
£ =

keg K&y

tanh( chh)(l +—
"~ From eqn. ‘(A.18b), o
es

1+
: ,“f

~ tanh(j nh)‘ :

By definition, el
i o taﬁh(jkh)=jtannli
and | | )
| tanh(jgd)::—"jténg:d.' |
Letting o

| o %‘/1:]."'/’1

and

| (A.lﬁ)' |

(A1)

) (AlSa)

@

V(V>Ai.‘2>Oa)
Camm

A
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’7:j'71r o
¢ becomes ' ]
Y2
: (tanh(wd) )
_Js€3 €y .
= | =i&.
ke €2 . v
1- tanh(jgd)

Combmlng the results of eqns (A 20) and (A 21) lnto eqn (A. 19)

R
- Jfl
K€y
Jtannh-—
1’71 3
JEI
Dividing by j,
"1€3 o
=&
K€4 .
tankh= 7 - .
13
I-—&
Kéy

“This is the dispersion relationship for the four layer waveguide.

Everything in eqn. (A.23) depends upon the dielectric constants and the

(A.21b)

(A.21c)

(A22)

(A.23)

thicknesses of the layers and upon o, G Ky which are found from eqns. (A.2). In eqns.
(A.2), ¥, ¢, &, v depend only on two variables - k; and w. If w is fixed, both sides of

eqn. (A.23) depend only on k,. One solves the eqn. by choosing the correct value of k,.
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~. Appendix B :

-This appendlx presents the Newton Raphson method used to solve for the zeroes ,
of an equation.
For real numbers the eqn. of the Newton Raphson method is!

| f(b,)
= b - — .
| bn+l f’(b ) (B l)
- where f is the functlon that goes to zero, f’ is the derivative with respect to b of f
Eqn. (B.1) comes about because of the definition of f'.
| | f(by ) f(b,) =
. db bn+1—bn .
Figure B.1 describes pictorially how the Newton Raphson method works. At
Xx=by+1, f(by+1)=0. Due to this fact, eqn. (B.2) readlly transforms into eqn. (B 1)
- Now if the b’s are complex numbers, then let
b=x+1y, . ~ (B3a)
| =u + v, : ' - (B.3b)
and®> N .
, f=u +jv,.. - - (B.3c)
Where by definition, | ‘
e {B.4a)
and _
| fog; ‘ (B.4b)
Also, » . .
5 o |
o, = : B.4c
| o B
and

1. Peter Stark Introduction to Numerscal Methods (New York: The Macmlllau Company, 1970) ppP:
85-89. ‘

2. Ruel Churchili a.nd James Brown, Complez Variables and Apphcatwns 3rd ed., (New York McGraw
Hill, Inc., 1984), pp. 43-47.
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Figure B.1. Newton Raphson method applied to f(x).
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vYZ%. | (B.4d)
Based ’upbn eqns. (B.3) and (B.4), | v
f - (u +]v) (0,—jvy) _
1 = - . - : B.5a
r 7 Qo i) (agivg) (B8
1 _ wy, +vv, +j(vu—uv,) | , (B:Sb)
f “3+Vx2
The Cauchy Riemann éqﬁatidns state 3 |
" u =, - (B.6a)
and |
U, = vy ' (B.6b)

Placing these condltlons into eqn. (B.5b), '
f(b,) _  uu, +vu +](Vll +uu,)

— = - {B.7)
Y (bn) ' )‘:24'11y ) : xmyvn
For cdmplex numbers, eqn. (B.1) becomes |
. i uu, +vu, +j(vu, +uu) |
xn+l+JYn+l = xn+3yn—[ . )'2 2'x L ZeYa (B8)
uy tuy ,
where the subscripts (x,, y,) denote that eqn. (B.7) is evaluated at (x,, y,)-
Eqn. (B.8) separates into two equations.
_ N —uy, +vu,
Xn+1 — Xn [ ux2+u2 ]x,,,y,. (Bga’)
_ —vu, tuu, '
Yn+1 — yn_g ux2+u2 xp,yn . . ] , (B.gb)
These eqns. comprise the Newton Raphson method for complex numbers.
Pick a number ¢ which is small enough so that when
€ > | Xp+17%,| | (B.10a)

and

3. Ibid., p. 45.
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€ > |yn+l—Ynl ) | (B.10a)

then the approximate zero f(b, +;) is sufficiently close to the actual zero.



~ Appendix C o

Most of the eqns needed to solve Hy are in appendlx A Usmg these eqns, thxs
: appendlx oﬁ'ers a method that finds H for a four layer parallel plate wavegulde The
procedure remains the same for parallel plate waveguides with any number of layers.

- One solves for H, by simply ﬁndlng the constants By, Az, Bz, Az By, Ay

Pick a number for B, or A,‘ in eqns (A). For example Bl =92, (-———P—)
A, and B2 are found from eqns (A 6a) and (A.6b) respectxvely
Usmg the values of A2 and By, eqns. (A 8a) and (A 8b) calculate the values of A3
“and B;. v : : .
Then use eqn (A 10a) or (A. 10b) to calculate the value of A4 ,
‘ Now that the constants: By, Ay, B2, Az, By, Ay are known, use eqns (A 1) to solve -

for Hy over the whole range in the x direction. - : :

~ For the electric fields, use eqns. (A.3) to calculate E,(x) E, only dlﬂ'ers l‘rom Hy
~bya constant and can be obtained through the use of eqn. (3 13a).
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