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J. Watanabe,* Y. Uehara, and S. Ushioda
Research Institute of Electrical Communication, Tohoku University, Sendai 980-77, Japan
(Received 9 February 1995)

We have investigated the multiple-scattering effect of surface-plasmon polaritons in the light-emission
process from metal-insulator-metal tunnel junctions. The theory developed by Arya and Zeyher [Phys.
Rev. B 24, 4048 (1983)] is extended to take into account the roughness at all interfaces of the junction.
The light intensity due to multiple scattering from roughness at the metal-oxide interfaces first increases
steeply, takes a maximum value, and then decreases slowly with the increase in the root-mean-squared
amplitude of roughness 8. This behavior is very different from that due to roughness at the top surface
of the junction investigated by Arya and Zeyher. In their case the predicted intensity due to multiple
scattering increases monotonically with increasing 8. The origin of this difference is discussed.

I. INTRODUCTION

Visible light emission from the metal-insulator-metal
(M-I-M) tunnel junction was first observed by Lambe and
McCarthy in 1975. They conjectured that the light is ra-
diated by surface-plasmon polaritons (SPP’s) that are ex-
cited by tunneling electrons.! Since SPP’s are nonradia-
tive at a perfectly flat surface, they assumed that the sur-
face roughness of the junction plays the role of scattering
SPP’s into external radiation. After their original
discovery, light-emitting tunnel junctions (LETJ’s) were
investigated by many researchers, and the conjecture of
La;ntge and McCarthy has been confirmed experimental-
ly.~

A theoretical study of LETJ’s was started by Davis,’
and a theory that quantitatively takes into account the
effect of surface roughness was first presented by Laks
and Mills.® They formulated light emission as a dipole
radiation process from a current source embedded in a
multilayered structure. The surface roughness was treat-
ed as a perturbative term in the electromagnetic wave
equation. They placed roughness only at the top surface
of the tunnel junction, and solved the electromagnetic
wave equation to the lowest-order term (first-order per-
turbation theory).

Takeuchi et al. extended the theory of Laks and Mills
to include the effect of roughness at all interfaces in the
tunnel junction.” They found that the roughness at the
metal-oxide interfaces is more effective in inducing light
emission than the roughness at the top surface (the case
treated by Laks and Mills).

Physically, the first-order perturbation theories men-
tioned above take into account only the single scattering
process of SPP’s by roughness. Then the theories predict
an emission intensity proportional to 8%, where 8 is the
root-mean-squared amplitude of the roughness. When
the amplitude 8 is over some critical value, it is clear that
multiple scattering of SPP’s from roughness becomes
significant. To study the light-emission properties of
junctions with roughness beyond the critical level, we
need to develop a theory that includes not only the
lowest-order term but also higher-order terms.

0163-1829/95/52(4)/2860(8)/$06.00 52

Arya and Zeyher developed a theory that takes into ac-
count the higher-order terms, and discussed the
multiple-scattering effect due to roughness at the surface
of the top metal layer. They found that the emission in-
tensity due to roughness increases faster than 8* with in-
creasing 8.0 Since the roughness at the metal-oxide in-
terfaces are now known to be more important than the
roughness at the top surface as a result of the work by
Takeuchi et al.,’ it is desirable to extend the multiple-
scattering theory of Arya and Zeyher!© to include the
effect of roughness at other interfaces than the top sur-
face of the junction.

The purpose of the present paper is to investigate the
multiple-scattering effect due to individual interface
roughness in the junction. The content of this paper is as
follows. A brief description of the theoretical framework
is presented in Sec. II. The results of numerical calcula-
tions are given in Sec. III. The multiple-scattering effect
on light emission is discussed in Sec. IV, and Sec. V is the
conclusion.

II. THEORY

A LETJ is modeled as a multilayered structure, and
light emission is formulated as a dipole radiation process
from a fluctuating current source embedded in the struc-
ture. We calculate the radiation intensity from a current
source embedded in an n-layered structure with n —1 in-
terfaces, as illustrated in Fig. 1. Roughness is placed only
at the mth interface (m =1~n —1). m is always used to
denote the interface with roughness throughout the
present paper. In Fig. 1, z;,(i =1~n —1) is the z position
of the ith (averaged z position for i =m) interface plane
and §,,(x) is the profile function of roughness at the mth
interface. Then ({,,(x,)) =0, where { ) means a statisti-
cal average over the interface plane. The directions of
the electric field for p- and s-polarized light are defined as
shown in Fig. 1. The present theory gives the radiation
intensity emitted into the nth layer. Thus the (n —1)th
interface is the top surface of the junction.

When there is a current source J,(x’;w) at x’ with fre-
quency o, the electric field E,, at position x is given by
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FIG. 1. Model structure for the theoretical calculation of
LETY’s. Light emission is formulated as a dipole radiation pro-
cess from a current source embedded in the n-layered structure.
Roughness is placed only at the mth interface (m =1~n —1).

E,(x,0)= —z—-zfd%c'p,w(xx ;0 (x'50) . (1

Here c is the speed of light in vacuum, and D M(x,x’;a)) is
the electromagnetic Green’s function that is a solution of
the wave equation:

D @)y~ o +5,,7? 8
> Czsx,m A ax, 0% ¥ DX, X 0)
b 7
=476, ,0(x—x') . (2)
|
o e3/2w4cos9
Pk 0)=
3273
where D

[od
(J,(x',0)*J.(x",0) ), respectively.
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e(x,w) in Eq. (2) is a frequency- and position-dependent
dielectric function defined by

e(x,0)=e%z,0)+Ae(x,z,0) ,
where
ez,0)=¢; forz;,_,;<z<z,

and

Em —Em+y fOT 2, <z <z, +§,(x))

Ae(x",z,w)= 0 otherwise .

The far-field radiation intensity per unit solid angle per
unit frequency range at distance R from the source is

d’w
(0) =77
P(k; ’w)_dﬂda)dt
,\/
=|R|>— 2<E (%,0)*E,(x,0)) . 3)
with
|k —\/E;%sin(eo) )

Here V¢, is the refractive index of the nth layer and 6,
is the radiation angle measured from the surface normal.
() represents an ensemble average over all different
profile functions.® By substituting Eq. (1) into Eq. (3),
one obtains

Z EfszndZ'dz"(Dux(kn L Qpp0lz,2")* Dy (K", Qpolz 2" ) W (Qpelz',2™) . (4)

(k",k",wlz,z) and J M(Q",wlz z") are the two-dimensional Fourier transforms of Dm,(x,x ) and

A semiphenomenological form of J M,(Q",colz z"") for M-I-M tunnel junctions proposed by Laks and Mills® is

elo(1—#iw/eVy)  A(z,z')
2‘ﬂ'2A (1+Qﬁ 2)3/2 zA
I (Qpolz,z)= 0, eVy<fiow,

82}\"

eVy>fiw

(5)

where e is the electronic charge, I, is the total current in the junction of area 4, ¥ is the bias voltage across the junc-
tion, and £ is a phenomenologlcal electron coherence length. Following the argument by Laks and Mills,® A(z,z') is
taken to be unity in the tunneling barrier and zero outside. Thus the remaining task in calculating Eq. (4) is to obtain
the two-photon Green’s function

(D (K, Q),0l2,2')*D 1 (K, Q,0|z,2")) .

The Fourier-transformed electromagnetic Green’s function satisfies the following integral equation which is a natural
generalization of Eq. (18) of Ref. 10:

D, (k,kj,0lz,z")=(27)*8(k, —k)d ) (kj, 0|z,2")

(0) zk” ”" ’
+A <w)2d 2 (ky,0lz,z +)f(2 )zg,,,(k,, k| )D,, (k| .k}, 0|z, _,2") , 6)

where
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602
Am(w)=— 47TC2 (8m~€m+1) .

In this equatlon $m(k) is the two-dimensional Fourier transform of the roughness profile function ¢,,(x).
d(°)(k”,a)|z, is the electromagnetlc Green’s function for the n-layered structure with flat interfaces [§,, (k;)=0]. 12
Following Arya and Zeyher,!° we introduce L,jk,(k",k",w|zl,zl,22,22 ),, defined by

(D;;(k,kj,0|z1,2,)* Dy (k) K|, 0]21,25) ) =(27)*8(k) — K| )L (K, k|, 0]21,21,25,25 ),
Then we obtain the following expression that corresponds to Eq. (30) of Ref. 10 for m =n —1:
Lijk,(k||,k|'|,a)|zl,z'1,22,2'2 )

=(27)%8(k, —k)d [ (k, 0|z),2,)*d (k) 0|z},2})

+82|A,,( w)lzzd“” k021,24 )* (R (k01212 1 )8m (1K =K Q) (K}, 002, ,2,)*d 0) (K, 02,  ,2})

+{8*A,,(@)?}* 3 d}g’(k”,mlzl,szr)"'d}(%),(k”,a)|z',,zm+)

ad'Bp’
de(l) Zk(Z)
It ) 1(2)
x [ 2P 7 &mm (k=KD [ =1 (27 Lopup (K| K, 0),,
X 8 mm (k[P — k| (K|, 0|2, _,22)* ( polz, —,z3), ()

where g,,,(|k;|) is defined by (§,,(k))S,,(kj)) =(27)?8(k;+k|)8%g,,, (k). Lyy(k,kj,®), in Eq. (7) satisfies the
Bethe-Salpeter equation'®

Liju(k), ki, @), =%d;f)(k||,w|zm 2 )Y (kn,wlzm —Zm+)

2k(2)
X |(2m)28(ky—k})838 5+ 62, | A (@) 2 [ o )2 Emm (k=K' DLy 3 (K] K]y, | - 8)

The Bethe-Salpeter equation can be solved in the same way that is described in Ref. 10 under the assumption that the
roughness has a Gaussian profile:
gmm(lk”|)=1ra2exp(—%a2|k“|2) . 9)

Here 6 and a are the root-mean-squared amplitude and the autocorrelation distance of the roughness, respectively.
By substituting the solution of Eq. (8) into Eq. (7), we obtain the two-photon Green’s function, and then obtain the ra-
diation intensity from Eq. (4). The final form of the radiated power from Eq. (4) is

Aed?w*cos?, 41 2
16m%c® W(k(O),w)

P(k“’),w)——

X ley (k 0, 0l|z)[?
M

X fdQ"Q”dz'dz".fzz(Q”,w|z’,z”)

47

k”—Q”)Ef(QH,(ofz’)*Ef(Qn,w|Z")+7Ta252|Am(w)|2 W

X 3 (ala V2 f0, (k 12){[1—P%@)1™ Y

X {(8om (Q,0|4)ES(Q,0|z')*E,<(Q,,0|2")0(z,, . —2")6(z,, . —z")
+g,(,)'m(Q||,w|3)Ez<(Q|,,w|z')*Ez>(Q“,w|z")9(zm _—z")0(z" —z,,_)
+g,?'m(Q”,a)|2)Ez>(QH,a)|z')*Ez<(Q||,w|z”)9(z’—zm _)0(z,, _—2z")

+g,(,)'m(Qu,w| DE; (Q,0lz")*E;” (Q,0|2')0(z' ~z, _)0(z" —z,, _)} | , (10)
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where a? is defined in the same way as in Ref. 10, and P2,.(w) is
—— o dk -
P2 (0)=ma?8?|A,,(0)|*V alal. f—277_”—k”g,?m(k“,wll)ld(k”,w)|2f,?,m(k”,w|1) . (11)
g(k",w) is given by
2y > <(t'
- o d’k; e’ (kj,lz, ) e<(kj,0lz, )
d(kj,0)=———|—1+8|A,()]? :
= ey w) @ f Gy w ko) |7 [ wke |
4qr 4
-1
e’ (kj, 0|z, +) e<(k,0lz, ) ,
: 777 8mm 1k~ K1) . (12)
w ko) |7 | Wk, b
47 4m

W(k,0), e; (k,0l2), e;(k,ol2), f° , and g%, in Egs.
(10)-(12) have different forms for p- and s-polarized light.
Their explicit forms are shown with the definition of
E (Qolz) and E;” (Q),®|2) in the Appendix.

The first term of Eq. (10) corresponds to direct emis-
sion® that is independent of the interface roughness, and
its properties are not discussed here. The remaining
terms of Eq. (10) correspond to light intensity radiated
due to roughness. We express the roughness induced in-
tensity as I,;,, where the subscript nth indicates that the
intensity includes the higher-order terms. If we substi-
tute P, (w)=0 into I,,, we obtain I, that coincides
with the first-order perturbation result. The radiation in-
tensity due to the higher-order terms are given by
y S SPE

III. RESULTS

To understand the properties of the multiple-scattering
effect that arises from the roughness at the metal-oxide
interfaces not included in the work by Arya and Zeyher,
we calculate the light-emission properties of the Al-Ox-
Ag junction with identical geometrical parameters to
those used by Arya and Zeyher.® The junction is
modeled by a four-layered structure: an Al layer with
semi-infinite thickness extending downward, a 3-nm-
thick, oxide layer, a 20-nm thick Ag layer, and a vacuum
layer that extends upward as illustrated in Fig. 1. The
dielectric functions of Al and Ag are obtained from Ordal
et al.' and Johnson and Christy,!> respectively. The
dielectric function of the oxide was taken to be constant
at 3.1 in the relevant photon energy range (from 1.5 to
2.5 eV). The electron coherence length £ is assumed to be
10 nm.? The autocorrelation distance of roughness a is
fixed at 30 nm. All numerical results presented here were
obtained for ¥y =4 V and I, =55 mA.'®

Figures 2(a) and 2(b) show the p-polarized spectra emit-
ted at 60° from the surface normal for 6=1.0 and 7.0 nm,
respectively. m in Fig. 2 represents the interface with
roughness (m =1, 2, and 3 correspond to the interfaces
of Al-oxide, oxide-Ag, and Ag-vacuum, respectively).
The spectral shapes are similar for all three cases.

An interesting property is seen in the relative strengths

r

for m =1, 2, and 3. For §=1 nm the emission intensity
due to the roughness at the Ag-vacuum interface (m =3)
is appreciably smaller than that due to the roughness at
other two interfaces. In contrast, the emissions due to
the roughness at the interfaces have similar intensities
when §=7 nm. This difference is due to the higher-order
terms that become significant for large 6. The emission
intensities due to the first-order perturbation term are
proportional to 8% Thus the change of the relative
strengths with increasing & from 1 to 7 nm, as seen in
Fig. 2, does not arise for the first-order perturbation
term.

In order to evaluate the fraction of emission intensity
due to the higher-order terms, we calculate the ratio R
between the p-polarized emission intensity due to the
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FIG. 2. p-polarized light-emission spectra from the Al-Ox-
Ag junction. The bias voltage is 4 V and the tunneling current
is 55 mA. The autocorrelation distance a is 30 nm and the
root-mean-squared amplitude 8 is 1 nm for (a) and 7 nm for (b).
m represents the interface where the roughness is placed.
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higher-order terms and the intensity due to the first-order
perturbation terms:

i
Ilst

R (13)

Figures 3(a), 3(b), and 3(c) show the & dependence of R at
the photon energy of 2 eV for the three different locations
of interface roughness (m =1, 2, and 3), respectively.
For m =1 and 2, where the roughness is placed at the
metal-oxide interfaces, R first increases steeply, takes a
maximum value of ~0.5, and then decreases slowly with
increasing 8. That is to say, the emission intensities due
to the higher-order terms are at most half of the first-
order perturbation contribution for the roughness at the
metal-oxide interfaces. However, for m =3 it increases
monotonically with the increase in 8, in agreement with
the result reported by Arya and Zeyher.!® The change in
the relative strengths for m =1, 2, and 3 between Figs.
2(a) and 2(b) arises from the difference in the & depen-
dence for m =1 and 2, and m =3.

Figures 4(a), 4(b), and 4(c) show the 6 dependence of
the intensity ratios of the p-polarized light to the s-
polarized light (p /s ratio) at the photon energy of 2 eV
for m =1, 2, and 3, respectively. The emission angle is
60° from the surface normal. The dashed lines represent
the p /s ratios calculated by the first-order perturbation
theory. Since the emission intensities due to the first-
order perturbation term are proportional to 82 for both p-
and s-polarized light, the p /s ratio is independent of 8.

For m =1 and 2 in Fig. 4 the p /s ratio increases first,

1
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FIG. 3. 6 dependence of the emission intensities due to the
higher-order terms at the photon energy of 2 eV. m represents
the interface where the roughness is placed.
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FIG. 4. & dependence of the ratio of the p-polarized light in-
tensity to the s-polarized intensity at the photon energy of 2 eV.
m denotes the interface where roughness is placed.

takes a maximum value, and then decreases to approach
the asymptotic value determined by the first-order per-
turbation term. For m =3 it increases monotonically
with increasing 8. By comparing Fig. 4 with Fig. 3 we
see a strong correlation between the & dependence of the
p/s ratio and that of the p-polarized emission intensity
due to the higher-order terms.

IV. DISCUSSION

As we have remarked earlier, first-order perturbation
theory® shows that the light-emission intensity due to the
roughness at the metal-oxide interfaces (m =1 and 2) is
stronger than that due to the roughness at the top surface
of the junction (m =3); Arya and Zeyher'® found that
the light-emission intensity due to higher-order terms for
m =3 increases faster with increasing 8 than the first-
order result which is proportional to 8°. Thus one might
expect that the light-emission intensity due to the
higher-order terms for m =1 and 2 could increase faster
than that for m =3 with increasing 8. However, the re-
sult we have seen above contradicts this expectation. In
what follows we will see why we obtained the unexpected
result.

Let us consider the § dependence of the light-emission
intensity 7,,;,. As seen from Eq. (10), it has the following
form:

I,,=(a8)’3F,[1—P%w)],!G, , (14)

nn'
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where F, and G, are independent of 8. Equation (14)
can be expanded into a series of the matrix P%w):

I,,=(a8)*3F,[1+P%w)+P%w)

nn’

+P%Aw)3+ - 1,0G, - (15)

The first term (unity) and the remaining terms in the
square bracket correspond to the first- and higher-order
contributions, respectively.

From Eq. (12) we see that d(k,») in P%w) has the fol-
lowing & dependence:

4

@)= o)

[—1+B(k,z,)817', (16

where B (k,z,,) is independent of 6. Thus the nn’ ele-
ment of Po(cu) has the following & dependence:

47
W”(k”,w)

2
, (17)

dk
Pho(@)=ma®8? [ ——LkC,, (k)

1
I19Zm )82

‘ —1+B(k

where C,, is independent of 8.

The integrand in Eq. (17) has large values on the
dispersion curves of the surface plasmon polaritons
(SPP’s) in the junction. This is because the relation

W, (k;,0)=0 (18)

determines the dispersion curves of the SPP’s. There are
two modes of SPP in the Al-Ox-Ag junction with a four-
layered structure: the fast mode SPP that is localized at
the top surface, and the slow mode SPP that is localized
across the oxide layer. A numerical investigation shows
that the integrand in Eq. (17) has larger values on the
dispersion curve of the slow mode SPP than on the
dispersion curve of the fast mode SPP for any location of
the roughness (m =1, 2, or 3). Thus Eq. (17) is approxi-
mately written

1

P? (w)=ma?8® 5
—1 +B(k||slow mode»Zm )8

x [ 5

47

dky T
k"C,,,, X W (ko)

’ (19)

is the absolute value of the wave vector
is the z po-

where k||slow mode
of the slow mode SPP at frequency w, and z,,
sition of the mth averaged interface plane.

Now we can understand the 8 dependence of P2, .(w)
and I,;. When |82 B (K siow mode>Zm )| <<1 we see from
Eq. (19) that P2 .(w) is proportional to 8%. Thus as seen
from Eq. (15) the contribution from the higher-order
terms to I,,, becomes significant when & increases. For
the opposite case of [8?B (K 0w moderZm )| >> 1, Py (@) is
proportional to 8 2. Thus the higher-order terms in Eq.
(15) decrease with the increase in 8. Then I,,; ap-
proaches I, for large 8.
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From the definition of B (k”,zm ) in Eq. (16) we see that
B (k510w mode»Zm ) is proportional to the electric fields of

the upward and downward propagating slow modes of
SPP’s,

>
€ (k||slow mode’wlzm + )
172

WH ( k |Islow mode > w)
41

and

<
€ (k||slow mode’a)lzm =)

172 -
[ W“(kﬂslow mode’w)

49

Since the slow mode SPP is localized across the oxide lay-
er, | B(Ksiow mode»Zm )| for m =1 and 2 have values larger
than that for m =3. Thus the condition
|8B (K| siow modesZm )| ~1 is satisfied around 8=1 nm for
m =1 and 2, and the emission intensity due to the
higher-order terms (I,,, — I, ) decreases above §=1 nm.
On the other hand, for m =3, |8°B (K gy mode»23)| <<1
in the relevant 8 region, because of the weak electric-field
strength of the slow mode SPP at the top surface of the
junction. Thus (I,4,—1I,4) increases monotonically as &
increases.

The origin of the decrease of the light intensity for
large 8 due to the higher-order terms for m =1 and 2 can
be understood in a different manner. The one-photon
Green’s function for an n-layered structure with rough-
ness at the mth interface is

(K, 02y 12 1)

=d(k,0)e; (kj,0lz, e; (kj,0lz, ). (20)

This expression is a generalization of Eq. (35) in Ref. 14.
By substituting Eq. (16) into Eq. (20) we obtain

d, (k,0lz, .2, )

4 ’ ’
= {Wkl“,—w—)e;(k”,w]zm_)ef (k”,wlzm+)}

1
X . 21
[—1+B(k”,zm)82 J @

We see that the right-hand side consists of two factors:
the electromagnetic Green’s function for the n-layered
structure with flat interfaces [the first curly bracket of the
right-hand side of Eq. (21)] and the 8-dependent factor
(the second curly bracket) which shows the same 8 depen-
dence as the root of PQ.(w). Since the one-photon
Green’s function is a mathematical representation of
SPP’s, the 8-dependent term in Eq. (21) represents the
dissipation of SPP’s due to scattering from roughness.
The cross section of the scattering that is determined by
B(ky,z,,) takes large values for m =1 and 2. Then the
frequent scattering of the slow mode SPP from the rough-
ness at the metal-oxide interfaces results in a large dissi-
pation of SPP’s, and this large dissipation causes the de-
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crease of the light-emission intensity due to the higher-
order terms (I, — I, ) for m =1 and 2.

V. CONCLUSION

We have investigated the multiple-scatteriné effect of
SPP’s due to the roughness at the metal-oxide interfaces
in the light-emission process from the M-I-M tunnel junc-
tion. We found that the light-emission intensity due to
the higher-order terms (I, — 1) first increases, takes a
maximum value around a half of that obtained by the
first-order perturbation theory Iy, and then decreases
with increasing 8. The large dissipation of the slow mode
SPP due to scattering from the roughness at the metal-
oxide interfaces causes this decrease.

E; <(kpol2)={47 < (k,oldexp[ik,(i)z —z

where
z;>z>z; 4,
and
1/2
g;0° )
k,(i)= k|
c?

A matrix method for obtaining A < (k“,wlz) and
B, > < (k”,w|t) for an arbitrary n-layered structure is
presented in Ref. 13.

W(k,0), e; (k,0l2), es (k,0lz), fo, and g3, are
obtained by a simple extension of the results in Ref. 10.
Thus we present only the final results here. They have
different forms for p- and s-polarized light.

For p-polarized light, we obtain

W(k" ), w)= W“(kf,m,w)
2e 1/za)cose
=_,-_____2____2 z<(kf|°’,w|n) ,
¢ sin“f,
e>,<(k|(|0)’wlz)=E>,<(kh0)’w’z)’£"
+iE;” <(k(°) 0|2)Z ,

where ﬂn and Z are the unit vectors parallel to k, and the
z axis, respectively,

Foh+,mk”,0[2)

2
_%a2k|(|0) )E (k(O)’wlzm+)*
2h

=exp(

XEZ<(kf|°),(u[zm +) [‘/—zak(O)

o a,m k), 002)
=j exp(— azk(o)2 E;S (K, 0lz, 1 )*
2k +1

XES(k{®, 0z, 1) k(O

1
v2?

—1)]+B ;< (kj,0liexp]
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APPENDIX

E; (kj,@|z) and E; (kj,@|z) are two linearly indepen-
dent solutions of the homogeneous wave equation corre-
sponding to Eq. (2). They can be written

—ik,(i)(z —z; _;)]}exp[i (k'x—wt)] ,

[
Fanam k), 0(2)

=iexp(—%a2kf|°’ JES (kII ) olz, 4 )*
2h+1
1 akfl(’)

XEZ<(kf|O),(0|Zm+) ‘/5

fgh +4,m(k=|0)7w|2)

=exp( —%azkﬁmz )E <(k|| ) olz, +)*
2k
xE,f(k?lO),(OIZm +)

[T
vz ki

f,, m(k",wll) is glven by replacing E ; (k ), 0lz,, ;) with

E; (kj,0lz, ) in [, (k,©[2).
g +1,m(Q|p‘0I4)

=exp(—1a’Q?)E; (Q,,0|z,, _)*
2h

XE;(Qy,0lz, ) [71-2—an|

g +2,m(Qu"0|4)
=iexp(—1a’QME,; (Q,,0|z,_)*
2h+1

XEZ(Q,002,-) | =aQ,

’

8o +3,m(Q|pa’|4)

=i exp(_%‘IZQ%)E;(Q"awIZm—-)‘
2h +1

XE; (Q0lz, ) %zaQ||

8o +4,m(Q||"0|4)

=exp( ~—%02Qﬁ )E; (Q,0lz, _)*
2h

><Ex>(QII’w|zm =) %anl
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g m(Q,0|3) and g2, (Q,,»|2) are given by replacing
E;(Q,0l|z,,_) with E,"(Q,0lz,_), and replacing
EZ(Q,0lz,, _)* with E,S(Q,,0|z, _)*, respectively, in
g,‘,),m(Q”,a)|4). g,?,m(Q“,a)|1) is given by replacing
E; (Q,0l|z, )* and E;(Q0lz, ) by
E(,)f(Q",wlzm_)* and E(Q,0lz,_), respectively, in
gn’m(Q”,CO|4).

For s-polarized light,
Wk, 0)=W,(k\”,0)

2e}?w cosb,
=;-90 ~ 7770

By<(k'('0),w|n) )
e>,<(kl(|0),w|z)=Ey>,<(kﬁ°’,mlz)(ﬁ||xi) ,
f2h+1,m(kflm’w|2)=fgh +2,m(k|(IO)’a’|2)

=f2h +3,m(k;|0)’w|2)=0 ’

2867

fgh +4,m(kf|0)’wl2)

zexp( _%aZkhO)Z )Ey<(k|(|0)’a)'zm+ )*
2h
1

XES(k{,
y (k5012 4) v

ak

g +1,m(Qp0l4)=gY, +2,m Q) 0l4)
=gn+3,m(Qp0l4)=0,

g +am(Qp0l4)

=exp(—1a’Q})E; (Q),0lz, _)*
2h

1

XEx>(Q”,(0|Zm_) ‘/2 aQ“
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