A band-limited uniform diffuser in transmission
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ABSTRACT

In this work we consider a structure consisting of vacuum in the region z3 > {(z1); a dielectric film characterized by
a real, positive, dielectric constant ¢ in the region —D < z3 < {(z1); and vacuum in the region z3 < —D. The surface
profile function {(z;) is assumed to be a single-valued function of z1, that is differentiable, and constitutes a random
process. This structure is illuminated from the region z3 > ((z1) by s-polarized light whose plane of incidence is
the z;zs-plane. By the use of the geometrical optics limit of phase perturbation theory we show how to design the
surface profile function {(z1) in such a way that the mean differential transmission coefficient has a prescribed form
within a specified range of the angle of transmission, and vanishes outside this range. In particular, we consider
the case in which the transmitted intensity is constant within a specified range of the angle of transmission, and
vanishes outside it. Rigorous numerical simulation calculations show that the transmitted intensity indeed has this
property.
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1. Introduction

A band-limited uniform diffuser is defined as an optical element that scatters light uniformly within a specified range
of scattering angles, and produces no scattering outside this range. In the existing theoretical studies of random
surfaces that act as band-limited uniform diffusers!=®) only their scattering properties have been investigated.
However, the experimental demonstrations that surfaces fabricated according to the prescriptions given in Refs. 2-5
do act as band-limited uniform diffusers have been carried out for the transmission of light through dielectric films
with a random surface of this type(3~%). It seemed desirable, therefore, to extend the theory developed in Refs. 1-5
for the scattering problem to the transmission problem. In this paper we consider the simplest version of this problem,
namely the transmission of s-polarized light through a free-standing dielectric film, whose illuminated surface is a
one-dimensional random surface whose generators are perpendicular to the plane of the incidence and whose back
surface is planar. On the basis of the geometrical optics limit of phase perturbation theory the surface profile function
of the illuminated random surface is determined in such a fashion that at normal incidence the angular dependence
of the mean intensity of the light transmitted through the film is constant for the angle of transmission 6; in the
interval (—0m,0m) and vanishes outside this interval. A rigorous computer simulation of the angular dependence of
the mean intensity of the transmitted light confirms that the optical element designed in this way indeed possesses
the properties specified for it.

The transmission properties of more complicated geometries, e.g. supported random dielectric films, will be inves-
tigated in a separate work, from the standpoint of designing them to possess specified mean intensity distributions.
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Figure 1. A sketch of the scattering system considered in the present work.

2. The Transmission Amplitude

The system we consider in this work consists of vacuum in the region z3 > ((z1); a dielectric film, characterized by a
real, positive, dielectric constant €, in the region —D < 23 < {(21); and vacuum in the region z3 < —D (Fig. 1). The
surface profile function {(z1) is assumed to be a single-valued function of z; that is differentiable, and constitutes a
random process. This system is illuminated from the region z3 > ((z;) by an s-polarized plane wave, whose plane
of incidence is the z;z3-plane. The single nonzero component of the electric field in this system is

oo
. . d . .
Es(z1, z3lw) = explikzy — iao(k)zs] + / é—er(q|k) expligzy + iao(g)zs) (2.1)
-0
in the region z3 > ((z1),
« dg . . .
Ej(zy1, z3lw) = / 5 exp(iqz1)[A(qlk) explia(q)zs] + B(q|k) exp[—ia(g)z3] (2.2)
)
in the region —D < z3 < ((z1), and
= dg . .
Ba(er,zal) = [ SET(alb) expliga: — iaola)(D + 23] (23)
—00

in the region 3 < —D. In these expressions the functions ao(g) and a(g) are defined by

aoq) = (4 ‘1221 ol <% (2.4)
Z(qz—“;—z)2 g > %
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and

1
2 2
(e‘:—z - 42) lg] < Ve«

a(g) = 1 (2.5)
i (q2 - e“c—’:—) ’ lg] > V€.
From the boundary conditions at the interface £3 = —D, we obtain the relations
1 ao(‘])) .
Aglk) = =1[1- T(q|k) exp[ia(q) D 2.6a
) = 5 (1~ 20) T(glk) explinta) (2.60)
1 a .
Balt) = (14 29) 1) expl-iae) . (2:6b)
2 a(q)
The boundary conditions at the interface 3 = {(z1) can be written in the forms
> d . . . .
] ﬁR(ch) expligzy + iao(g)¢(21)] = — explikz1 — i (k){(21)]
*d . . .
+ [ 52 exsligm A (Ib) explie(a)C(z1)] + Blalk) expl-ia(a)C(z)] (272)

/°° ﬂ[_QC'(-’Bl) + ao(q)]R(q|k) expligz1 + iao(g){(z1)] = [k¢'(21) + ao(k)] explikzy — ioo(k)¢(z1)]

oo 2T
+/°° g%exp[iqxl]{[_%’(m)+O(Q)]A(qlk)exp[ia(q)((;cl)]

) g (21) — ()] Blglk) expl—ia(g)C(a1)]} (2.7)

We eliminate R(q|k) from this pair of equations by multiplying Eq. (2.7a) by [p(’(z1)+ao(p)] exp[—ipz1+iao(p)¢(z1)]
and integrating on z1; multiplying Eq. (2.7b) by exp[—ipz; + iao(p){(21)] and integrating on zi; then subtracting
the second equation from the first. The result takes the form

gl [T dg [I{ao(p) +alg)lp—g) I(ao(p) — a(9)lp — q)
-0 [ oty e A=

()} = 25600~ R)200(k), (29)

c? J_ oo 2m

where
{o0)
161Q) = [ day expl-iar + in¢(m)l 2.9)
The use of the relations (2.6) in Eq. (2.8) yields the reduced Rayleigh equation for the transmission amplitude

T(qlk):
® dg [I(eo(p) + a(g)lp—q) 1 ( ao(‘l)) »

s S(1- D
[ s (- ) estetan
I{o(p) —a(g)lp—q) 1 (1 0

* ao(p) —alg) 2 a(q) ) eXP[‘ia(Q)D]} T(qlk) = —27d(p—k)

) 2&0(k)
(€ - 1)(w?/c?)

We solve Eq. (2.10) as an expansion in powers of the surface profile function through terms linear in ¢ (%1), with
the result that

(2.10)

. w? a(g) A(k) ; 2
Tlalk) = To(k)2rdla — k) + ile = )% S Sl la — k) + O, (2.11)
where Ty (k) is the Fresnel transmission amplitude in the absence of the surface roughness,
_ 4ag(k)a(k)
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and

A(k) = 2a(k)cos[a(k)D] — i2ao(k) sin[e(k) D] (2.13)
D(g) = 4ao(g)a(q)cosa(q)D] — i2[af(q) + o’ (g)] sin[e(q)D] (2.14)
Clg—Fk) = /_ dz; exp[—i(q — k)z1]¢(z1). (2.15)
The result given by Eq. (2.11) can be rewritten as
bt ) ) w? a(q) Ak
T(q|k) = To(k) /;oo dzyexp[—i(q — k)z1] |1+ i(ec — 1)0—23%13((5((”1)] . (2.16)

The phase perturbation theory result for T'(¢|k) is obtained by exponentiating the expression in brackets in the
integrand. Thus, finally, we have the result that

N—
>
—~~~
E)
N—

T(q|k) = To(k) /00 dxy exp[—i(q — k)z1] exp[i(e — 1)‘%.-(_(1

. 2 Dg) " 10

3. The Mean Differential Transmission Coefficient

The differential transmission coefficient is defined as the fraction of the total time-averaged incident flux that is
transmitted into the angular interval (6;, 6; + d;), where 6, is the angle of transmission (Fig. 1). The magnitude of
the total time-averaged incident flux is given by

Pine = -Re/dxx/d:cz(sé)mc

2
c
= LiLy—aqp(k), 3.1
1L2g— o(k) (3.1)
where S5 is the 3-component of the complex Poynting vector, and the minus sign compensates for the fact that the
flux is in the —z3-direction. L; and L, are the lengths of the surface along the z;-and z;-axes. The magnitude of
the total time-averaged transmitted flux is given by

bPtr = —Re /d.’l?l/dl‘g S3

cd

Ly m " greo(@IT (k). (3:2)

<

We introduce the angles of incidence and transmission, 6y and 6;, respectively, by (Fig. 1)
k= isinﬁo, q= ‘isinﬁt. (3.3)
c c
It follows that the incident and scattered fluxes are given by

Pine = LngiCOSQO (34)
8n
P = Ligis / 4, cos? 6, (g k) 2. (3.5)

The differential transmission coefficient by definition is then given by

oT 1 w cos?é,
— = .6
00, L1 e cos IT(q Ik)l (3.6)

116 Proc. SPIE Vol. 4100

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 08/20/2016 Terms of Use: http://spiedigitallibrary.or g/ss'ter msofuse.aspx



Since we are studying transmission through a random surface, it is the mean differential transmission coefficient that
is of interest to us. It is given by

(50) = £ o= ralbP), (1)

L1 97mc cos 0o

where the angle brackets denote an average over the ensemble of realizations of the surface profile function ¢ (z1).
On combining Egs. (2.17) and (3.7) we find that in phase perturbation theory

oT 1w cos? 6, 5
(5) = Tt

L1 2me cos By

[ o [ e exploita - B(ar - s eptite - 0% 20 EE @) - Tk 68)

In what follows, we specialize to the case of normal incidence: 6y = 0, so that £ = 0. In this case Eq. (3.8)

becomes
8T 1 w oo o0 )
<5fX> = e 9t|T0(0)I2/_00 d::n/_oo dz’ exp[—ig(z1 — z})]

(e=Do  AQ) A0,
<(exp(i T Lalg kel - e (39)
where
16¢

To(0)1* = (3.10)

16€ cos2(/e2 D) + 4(e + 1)?sin®(/e£ D

In order to pass to the geometrical optics limit of phase perturbation theory, we have to work in a parameter range
where the coefficients of ¢(z;) and {(z}) in the exponent in the integrand in Eq. (3.9) are the same and real. This

requires that the inequality
A(O)] [A(O)]
Im|—=| K Re | — 3.11
5 D(y) (11

be satisfied. For specified values of the wavelength of the incident light A, the mean thickness of the film D, and the
dielectric constant of the film e, this inequality defines the range of ¢ values, or equivalently of 6; values, for which
the geometrical optics limit of the phase perturbation theory is valid.

An indication of the conditions under which the inequality (3.11) is satisfied can be obtained by considering the
limit where ¢ = 0. In this limit the inequality (3.11) can be expressed as

sin (2\&%1)) < % [Z+ -+ cos (f D)] (3.12)

For the value of ¢ we assume in the present work (¢ = 2.69), the right hand side of this inequality is greater than
unity for all values of \/¢(w/c)D. Consequently, this inequality will be satisfied whenever 2/e(w/c)D is close to n,
where n is a postive integer. In what follows we will assume that this is the case.

The expression (3.9) for (07/96;) now takes the form

<§Z_:> = fll—%cosz 94:&,(0)12/_0:o dz, ]:0 dz’ exp[—ig(z; — z})](exp[ia(¢(z1) — ¢(z1))]),  (3.13)

where

a= 1% (q)Re [A(O)] . (3.14)
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We now make the change of variable 2} = z; + u, and obtain

<g—g;> = Lili% cos? 8, T (0)]? /_0; dz; /;O; du exp[igqu]{exp[ia({(z1) — ((z1 + u))]). (3.15)

To obtain the geometrical optics limit of this expression, we expand the difference {(z1) — {(z; + ) in powers of u,
and retain only the term linear in u. Thus, we have that in this limit

<§0—1:> = —L—IIQL;;COSZHJTO(O)P/ da:1/ duexp(iqu]{exp[—iaul’(z1)]). (3.16)

This expression is the starting point for the determination of a surface profile function ((z1) that yields a specified
form for (0T'/06;).

4. The Surface Profile Function ((z)

We assume that the surface profile function {(z;) is written in the form(?)

C(z1) = Z ces(zy — £2b), (4.1)
f=—00
where the {c;} are independent, positive, random deviates, b is a characteristic length, and the function s(z;) is
defined by
0 r1 < —(m + 1)b
—(m+ 1)bh — hz; —(m+1b< zy < —mb
s(z1) =< —bh —mb < z; < mb (4.2)
—(m+ 1)bh + hz, mb<z; < (m+1)b
0 (m + l)b <z,

where m is a positive integer. Due to the positivity of the coefficient c;, its probability density function (pdf)
f(v) = (6(y — ¢¢)) is nonzero only for v > 0.

It has been shown(?) that for the random surfaces defined by Egs. (4.1) and (4.2),

[t [ duesstiguitexpiionc e = 22 1 (2) 47 (3] -

On combining Eqgs. (3.16) and (4.3) we find that the mean differential transmission coefficient is given in terms of
the pdf of ¢; by

OTN _ ¥ o2 21 [p(L _4
<'87t> = 3¢ %08 GO 7 [f(ah) +f( ah)]' (44)
We now make the change of variable (¢/ah) = v , so that
q \/E sin Ht 1
h=== - . 4.5
7 a €—1(e—sin?6;)7 (w/c)Re[A(0)/D((w/c)sin b;)] (45)

We need to invert this expression to obtain sin#; and cosf; as functions of 4. This can be done analytically if we
replace (w/c)Re[A(0)/D(% sin ;)] by its value for §; = 0, which is valid for small angles of transmission. In this limit
we have that

“R [A@] _ 2ecos?(1/e2D) + (e + 1) sin?(\/e4 D)
cADO)) T ccos’(e2D) + (¢ + 1)2sin’(ve2D)
=/ (4.6)
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It then follows from Eq. (4.5) that

=

. — 1)2f242h2

sinfy = [c _lfe(e )1)j;f2 2h2] (4.7a)
2.2p21%

cosf; = [ E 1; ;212]12] . (4.7b)

On inverting Eq. (4.4) with the aid of these results we find that

€+ (e — 1)2f242n2)3 /8T
)+ £ = 2 R T () 0 “8

Thus, if we wish to design a surface for which (87/96,) has the form

oT
— ) = A0(bn —|6:]), 4.9a
(%) = 4%Cn -0l (1.92)
= Af(sin®0,, —sin? ), (4.9b)
where A is a constant and #(z) is the Heaviside unit step function, we can use the fact that the expression for sin 6,

given by Eq. (4.7a) is a monotonically increasing function of v, for the value of ¢ we assume here, to rewrite Eq.
(4.9) as

oT
— Y = A0(vm = V), 4.10
< 66t> (ym = 7)) (4.10)
where 7, is related to 6, by

1 e sin 8,
fhe—1[e—sin?6p,]3"

Ym = (4.11)

If we then substitute Eq. (4.10) into Eq. (4.8) and assume that v is positive, we obtain finally that the pdf of ¢, is
given by

Ve(e—1) [e+ (€ = 1)2f2h2y?]3
f( ) 2fh ITO( )|2 E—(6—1)3f2h272

Ab(ym = 7)0(7)- (4.12)
The constant A is then obtained from the normalization condition

A/"m e+ (e = 1) f2h%)F _

i) € — (e — 1)3f2h2y?

lTo (4.13)

From this form for f(v) a long sequence of {c;} can be generated, e.g. by the rejection method(®), and the surface
profile function ((z;) generated by the use of Eqs. (4.1) and (4.2).

5. Numerical Results and Discussions

The pdf f(v) given by Eq. (4.12), was obtained by taking the geometrical limit of phase perturbation theory, a
single-scattering theory. It is therefore not known a priori if random surfaces generated from this pdf will give rise
to a band-limited, uniform mean differential transmission coefficient (DTC) for the light transmitted through the
dielectric film when multiple-scattering effects are taken into account.

In order to see how well the geometrical optics limit is able to represent the full solution to the transmission
problem we have to resort to numerical simulations(”). Such simulations are based on the use of Green’s second
integral identity in the plane(® ) to derive a set of four coupled inhomogeneous integral equations for the field and its
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Figure 2. A particular example of the film geometry that we are considering in the present study. The parameters
used to generate the rough upper surface were b = 15um, h = 0.01, and m = 1. The mean thickness of the film was
D ~ 15.24), where ) is a the wavelength of the incident light.

normal derivative on both surfaces, from which the transmitted field can be calculated. This procedure is described
in detail in Ref. 9. With this approach the transmitted field can be calculated in a rigorous way.

The rough illuminated upper surface of the dielectric film was generated according to Eq. (4.1) with the indepen-
dent random deviates {c;} drawn from the pdf f(y), Eq. (4.12), by the use of the rejection method (¢ ). Notice that
the profiles generated according to Eq. (4.1) do not give rise to surfaces of vanishing mean. Hence, for each realization
of the surface used in the numerical calculation, its mean was adjusted to zero in order to have a well-defined mean
film-thickness, independent of the parameters used to generate the surface profile function {(z1). A plot of one
particular realization of the rough profile generated in this way is presented as the upper surface in Fig. 2, where we
also have included the planar lower surface.

The free standing dielectric film that we considered in this work was characterized by a dielectric constant € = 2.69
and a mean thickness D/X ~ n/(4+/€) (see Eq. (3.12)) where n is a positive integer. S-polarized light of wavelength
A = 612.7nm was incident normally on the rough surface of the film, which was characterized by the parameters
b= 15um, h = 0.01, m = 1, and 6,, = 20°. Furthermore, in order to guarantee that the film for these parameters is
continuous, z.e. without holes, the value n = 100 was used to define its mean thickness, which in the present case
was D ~ 15.24\ ~ 9.34um. For these parameters Im [A(0)/D(q)] /Re [A(0)/D(q)] ~ 10%.

In Fig. 3 we present rigorous numerical simulation results (solid curve) for the mean differential transmission
coefficient, (§T/96,), for the scattering system defined above. The dashed curve in the same figure represents the
results obtained in the geometrical optics limit of phase perturbation theory as defined by Eq. (4.4), where f(v)
is given by Eq. (4.12). The length of the surface used in these simulations was L; = 100X and the sampling rate
used was Az; = 0.1), corresponding to N = 1000 sampling points along the surface. The number of surface
realizations used to obtain these results was N = 2000. As can be seen from the numerical simulation results (solid
curve) of Fig. 3, the transmitted light is nicely restricted to a well-defined angular interval, viz it is band-limited.
Furthermore, the mean DTC is quite uniform within the band-limited region. However, we observe from Fig. 3 a
minor disagreement between the rigorous result (solid curve) and the result of the geometrical optics limit of the
phase perturbation theory (dashed line) for the angular interval over which the transmitted light is expected to be
band-limited: the geometrical optics limit seems to overestimate this region. This disagreement, we believe, is a sign
of the inadequacy of the geometrical optics limit of phase perturbation theory to fully describe the transmitted light.
It worth noting that even if the observed 6,,’s from the rigorous and geometrical optics limit are somewhat different,
the total transmitted power is the same (within the noise level) for the two cases.

Furthermore, if we want the transmitted light to be limited to %6,,,, we have found (results not shown) that we can
use a slightly larger “input” 6, to obtain this. A good choice for the new “input” 8,, is empirically found to be given
by 6m — nfm, where n = §2°°/67i9 is the ratio between the upper limit in the geometrical optics calculation (9°°)
and that of the rigorous simulations (67:9).
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Figure 3. The mean differential transmission coefficient for s-polarized light of wavelength A = 612.7nm transmitted
through a free standing dielectric film of mean thickness D ~ 15.24\ ~ 9.34um and characterized by a dielectric
constant € = 2.69. The solid curve is the result of rigorous Monte Carlo simulations, while the dashed curve is the
result obtained in the geometrical optics limit of phase perturbation theory, Eq. (4.4). The length of the surface
used 1n the simulations was L; = 100, and the number of surface realization over which (87/86;) was averaged was
N¢ = 2000. The number of sampling point used was N = 1000 (Az; = 0.1)). The illuminated rough surface was
characterized by the parameters b = 15um, h = 0.01, m = 1, and 6,, = 20°.

It should be mentioned that in order to obtain the numerical results shown in Fig. 3 we had to shift the lower
limit of f() slightly away from zero in order to avoid a small specular peak that is due to the tails of the two
distributions in Eq. (4.4) caused by diffraction effects. This procedure has been described in detail in Ref. 2, and the
arguments for doing so will not be repeated here.

It has earlier been demonstrated®) that for surfaces that are designed to act as band-limited uniform diffusers
in reflection this property is not very sensitive to the wavelength of the incident light over a substantial range. To
see how robust the property of band-limited uniform diffusers in transmission is when the wavelength is changed, in
Fig. 4 we present rigorous simulation results for the case where the wavelength is A = 582.1nm and the remaining
parameters have the values given above. We observe from this figure (solid curve) that the transmitted light is nicely
band-limited and is also rather uniform, except for the weak peak in the specular direction. This peak is due to the
overlapping of the tails of the two distributions in Eq. (4.4) caused by diffraction effects. In calculating the result
presented in Fig. 4 we used the same cut-off used to obtain the results shown in Fig. 3. By using another value for
the lower cut-off of f(y) we can make this peak vanish. This is shown in Fig. 5, where the angular distribution of the
transmitted light is uniform except for some noise, and is band-limited. That the results shown in Figs. 4 and 5 are
so close to being band-limited and uniform we in fact find rather surprising since the assumption (3.11), on which the
derivation of the pdf f() relies, is not even close to being satisfied in this case (Im [A(0)/D(q)] /Re [A(0)/D(q)] ~ 1).
This shows that the prediction of the geometrical optics limit of phase perturbation theory is rather robust.

6. Conclusions

In this paper we have developed the geometrical optics limit of phase perturbation theory for the transmission of
light through a free-standing dielectric film whose illuminated surface is a one-dimensional random surface while
its back surface is planar. The result for the mean differential transmission coefficient in the case where the film
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Figure 4. The same as Fig. 3, but now the wavelength of the incident light is A = 582.1nm.
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Figure 5. The same as Fig. 4, but with a slightly different value for the lower cut-off for the pdf.

is illuminated by s-polarized light whose plane of incidence is normal to the generators of the random surface is
used to design that surface in such a fashion that the film acts as a band-limited uniform diffuser. That is, the
angular dependence of the intensity of the transmitted light is constant within a specified region of the angle of
transmission, and vanishes outside that region. The results of rigorous numerical simulations of the transmission of
s-polarized light through a film whose random surface has been defined in this way show that it indeed acts as a
band-limited uniform diffuser, although there are some small quantitative differences between the rigorous result for

122 Proc. SPIE Vol. 4100

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 08/20/2016 Terms of Use: http://spiedigitallibrary.or g/ss'ter msofuse.aspx



the mean differential transmission coefficient and the result obtained by the use of the geometrical optics limit of
phase perturbation theory. These are believed to be a reflection of the limitations of the geometrical optics limit of
phase perturbation theory in describing the transmission of light through the film system studied here. Moreover,
in contrast with the results obtained in reflection, where the mean differential reflection coefficient proved to be
independent of the wavelength of the incident light, the mean differential transmission coefficient depends on the
wavelength, primarily due to the finite mean thickness of the dielectric film. Nevertheless, the results obtained here
demonstrate that the approach used in our earlier papers to generate one-dimensional random surfaces that act as
band-limited uniform diffusers in reflection can be applied to solve the same problem in transmission as well.
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