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Abstract

Reducing or eliminating reflectance of electromagnetic radiation from surfaces has
important technical and commercial applications. Graded-index surfaces are of interest
because they have low reflectivity over much broader spectral regions and angles of
incidence than conventional thin film coatings. )

This paper reviews methods to calculate the reflectivity and to estimate the refractive-
index profile of graded-index surfaces. Charactertistic properties and techniques to
produce graded-index surfaces. are reviewed. The results of recent measurements of laser-
induced damage to graded-index surfaces are summarized.

Introduction

Graded-index surfaces and films are primarily of interest for their broadband, anti-

- reflective (AR) property. Because of this property, they have important applications in
"solar energy collecting systems,'”7 where they are used to increase either transmission

or absorption of the substrate material. Recently, graded-index AR surfaces alsoc have been
found to be more resistant to damage by intense laser beams than thin film AR coatings.®?"!2
They are consequently finding important applications in high power laser systems. Other
applications for graded-index surfaces include anti-glare display cases and optical disks
whose surfaces are written upon by laser beams.

There are now a variety of techniques to produce graded-index surfaces and films. Their
properties depend on the method by which they are produced. This paper is concerned only
with non-absorbing graded-index surfaces and films for use with visible and near-infrared
1ight to increase transmission through the substrate material. The principal method to
produce such surfaces and films is by chemical leaching and etching. This process removes
certain components of the surface and leaves or redeposits others in such manner as to

.create a porous, skeletonized surface layer.  When the pore dimensions are much smaller

than the wavelength of the incident light, little scattering occurs and the surface layer
has effectively a low index of refraction.

The refractive index and porosity of the surface layer may be estimated using the
Clausius-Mossotti relation. The refractive index ng of a glass composed of v ionic
species is given by the expression

2 v .
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= =g n ] ook, ' (1)
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where a is the polarizability of the ionic oscillator and N is the number per unit volume.
If the ionic polarizability remains unchanged by the leaching process, then the refractive
index nf of the surface layer is given by
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The volume fraction of glasé remaining after leaching is

v v
V=l NN (3)
2 1

Using Equations 1 and 2, with the approximation that all ionic species have the same

polarizability and volume gives
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_(nf -1)(nf +2)

2 2 (4)
(ng +2)(ng -1)
For values of ng and nf not much larger than 1, Equation 4 gives the following simple
‘"relation between refractive indices. and volume fraction:
ng = ngv + (1-v) . . ' ’ (5)

Equation 5§ assumes that the pores are filled with air and therefore have refractive index
np = 1. If the pores begin to fill with some other substance, for example water from
tﬁe atmosphere, the effective index of the pores becomes

Np = nyvy + 1 - vy , (6)

where v, is the fraction of the pore volume filled with water, and ny is the
refractive index of the water. Equation 5 then becomes

nf = ngV + np (1-v) . (7)

Calculating the reflectance of graded-index surfaces

Graded-index surfaces are characterized by a strong, continuous variation in the
refractive index in the direction of the normal to the surface. The region of graded-index
may be bounded by discontinuities in the refractive index. Figure 1 shows an example of the
refractive index profile which may be produced by the techniques discussed in later sections.
It is assumed that the refractive index is constant over any plane parallel to the surface.

Air Graded-index layer Bulk glass
|
, N3
e T ny
n, N2
i ! !

z=0 z=d

Figure 1: Refractive index profile of a typical graded-index surface layer.

A general theory of light reflection from graded-index surfaces is given by R. Jacobsson.'®
When the refractive index varies strongly, which is generally true of graded-index AR
surfaces, the theoretical treatment is difficult because the wave equation can be solved
explicitly in terms of known functions in only a few special cases. Even then the
expressions are complicated and of limited value for direct numerical work. For example,

-an exponential profile'*»!% gives a reflectance in terms of Bessel functions of
integral order, while a linear profile!® gives Bessel functions of order one-third.

However, with the use of computers, extensive numerical calculations can easily be
performed for profiles of any shape. Two different numerical approaches may be taken to
calculate the reflected intensity. One method is to approximate the graded-index layer by
a large number of very thin, homogeneous layers and calculate the reflectance by e
multiplication of the characteristic matrices representing the individual thin layers.

The second method is to numerically integrate the second-order wave equation.!’ )

An example is shown in Figure 2 of a calculation made by the matrix method. The index
profile of the graded-index layer used in this calculation is shown in the inset. The
index varied from 1.0 to 1.5 with small discontinuities at the boundaries of the layer.
This layer was divided into 100 thin layers to calculate the intensity reflected at normal
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incidence versus the ratio of the thickness d of the graded layer to the wavelength A of

the incident light.
Other examples calculated by the matrix method are shown in Figure 3. This figure gives

calculated reflectivities for various graded-index profiles between n = 1 and n = 1.6.
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Figure 2: Reflectivity versus normalized depth of graded-index layer
calculated for the refractive index profile shown in the inset.
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Figure 3: Calculated reflectivity for different graded-index transition layers between
air (ny=1) and a substrate with n3=1.6: (a) n changes linearly with depth z; (b) n
changes linearly with optical depth nz; (c) n changes quadratically with depth; and (d)
the change of index is described by a Gaussian. From E. Spiller et al, Reference 67.

Curve A represents a linear increase in refractive index with the geometrical coordinate.
For curve B, the refractive index increases linearily with the optical thickness of the

layer. The refractive index variation for curve C was the quadratic function
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n=1+0.6 (2/24)2,
where the spatial coordinate z = 0 corresponds to the bottom of the transition layer, and
the value z = z5 = 0.45um corresponds to the air interface. For curve D, the index
profile was the Gaussian function’

n =1+ 0.6 exp - (2/24)2,
with z5 = 0.25um,

Figure 4 gives additional examples. The calculations in this case were made by the

direct integration method for light incident at 45° on various graded-index profiles
between n = 1 and n = 1.5,
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Figure 4: Reflectance of TE wave at 45° angle of incidence for {a) linear ramp profile,
(b) concave parabolic profile, (c) convex parabolic profile, (d) cubic profile. From B.
Sheldon et al, Reference 17.
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Estimating the index profile from the measured reflectance spectrum

General Case

The oscillations in reflectance versus d/\ shown in Figures 2-4 are characteristic of
the.index profile. Sheldon et al!? found that these oscillations have nearly a constant
period. This period, when plotted versus angle of incidence, gives a curve which is
sensitive to the shape of the refractive index profile. The index profile may then be
deduced from the reflectance measurements by a simple graphical procedure.

Linear Ramp Profile

Often the index profile may be approximated reasonably well by a linear ramp (see
Figure 4a). Reflectance from the linear ramp profile was analyzed by Schroeder.}® The
reflectivity at normal incidence is approximately

]
R=1- 24n2n2;3 77 7 , (8)
[n2n3+né] - [n2-1][n3-né ] sin“ 672 : ' -
where
§ =21 [n, +n)] d .
o othe T T2 . ) (9)
The minimum and maximum reflectivities are
r"z"é'"3- ?
Rmin = nz—néwa at A = 2 [n2+né] d/(2m+1) > (]0)
r"z"s‘"é 2 .
Rmax = W at A = 2 [n2+n2] d/2m . (11)

for integer values of m.

Substituting measured values of Rypayx and Rpjp and the wavelengths at which they occur,
along with the known value n3, into Equations 10 and 11 allows calculation of np, n'p
and d. Those values may then be used in Equation 8 to calculate the reflectance spectrum
for the linear ramp. Comparison of the calculated and measured reflectancé spectrum will
determine whether the linear ramp profile was a reasonable approximation to the actual
index profile.

Properties of graded-index surfaces

The most important properties of graded-index surfaces for applications are insensitivity
of the intensity of reflected light to:

* Thickness of the graded-index layer
* Wavelength of the incident light .
*» Angle of incidence of light on the surface

For the index profile in Figure 2, for example, increasing the thickness of the graded-
index layer while holding A constant reduces the reflected intensity from 4% for d = O
_to zero for d = 0.7X. As the thickness of the layer increases further, the reflectivity
varies periodically, due in part to interference between the reflected components from the
index discontinuities at the layer boundaries, but remains below 0.1%. In contrast, the
reflectance of a discrete homogeneous iayer varies as shown in Figure 5, with successive
minima and maxima at intervals of quarterwave optical thickness of the film,

Figure 2 may also be used to illustrate that for a graded-index layer of fixed thickness,
the surface is approximately antireflective for wavelengths A < 2.5d.

Since the intensity reflected at normal incidence is insensitive to the optical thickness
of the graded-index layer, one would expect the reflectance also to be insensitive to angle
of incidence of the light on the surface. Calculations by Minot!®, summarized in Figure
6, show the reflectivity is approximately independent of incident angle for angles less
than 50°. Reflectivity is also significantly reduced for even larger angles of incidence.
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Figure 5: Reflectivity at normal incidence
of a dielectric film of refractive index
np as a function of its optical thickness
{ny=1, n3=1.5). From M. Born and E. Wolf,

Principles of Optics, Pergamon Press, London,

1470, p. 64.

T T T T T T T
9 ’ -
- n1-1-
8 n, = 1.118 ~
? n; =ng = 1474 ]
- 4
g 6
§s
%
T 4
R
3
2
1

05 10 15 20 25 30 35 4.0 45 50
d/A

Figure 6: Computer-calculated average
reflectance R=1/2(Rg+Rp) as a function
of angle of incidence, plotted against
d/x for graded-index layer with linear
ramp profile where ny=1, n»=1.118,
nz=n3=1.474. From M. J. Minot,
Reference 19.

Techniques to produce graded-index surfaces

The techniques for producing graded-index AR surfaces have in common a leaching or
etching step which creates a surface layer with microscopic porosity. The formation of
antireflective surfaces on glass by chemical etching was known long before thin film

coatings were developed for that purpose.

Fraunhofer?®® and Rayleigh?! noted the

reduction in reflectivity of glass tarnished by exposure to acid. A more complete history

of this early work is given by Cook and Mader.

The technology to produce AR

surfaces by chemical etching was introduced by Taylor2??®, Kollmorgen?* and Amy.2% However,
it was not until the late 1930's that acid treatments to reduce surface reflectivity came
into popular use.?® The first technique used commercially was the RCA "Magicote C"
process.??~%® However, practical applications of AR films produced by chemical

etching generally were limited because the surfaces were difficult to develop reproducibly,

were optically inefficient and lacked physical durability.

3%  Inp addition, rapid advance

in the technology of vacuum-evaporation led soon to replacement of chemical etching by

multilayer, thin-film AR coatings.

In recent years, the interest in chemical leaching techniques has been renewed,

primarily by requirements for very inexpensive, broadband AR coatings for

solar receptors.

For example, the use of glass with an AR surface for cover plates on flat plate solar-
_thermal collectors permits the extractable heat to be increased by 30-50% compared with
their performance without broadband AR coatings under equivalent solar flux, surface

temperature and ambient conditions.® Chemically etched AR surfaces were also found to
have laser damage thresholds more than two times greater than thin-film AR coatings.

This

discovery prompted development of glasses and etching methods to produce AR surfaces on

glass of high optical quality.

Phase-Separated Glass

Minot3%-?7 produced graded-index AR surfaces by etching phase-separated glass.

Phase separation in alkali borosilicates is well known.

38,39  ynder appropriate heat

treatment, these glasses separate into a relatively inso]ggle, silica-rich phase and a

more soluble phase consisting primarily of Bp03 and Naj0.

The soluble phase

can be preferentially leached away leaving an interconnected network of pores and.sq1id
glass consisting primarily of the silica-rich phase. The volume fraction of remaining

glass decreases through the film toward the surface.
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The size of the pores,

process empxrucal}%
7740 glass (Pyrex ).
and Martin.®

3 &

typically 10-100 A diameter, can be controlled by the original
glass composition, the heat treatment and the etch/leach process.

Minot optimized the

with respect to optical properties for AR surfaces on Corning Code
Further stud1gs on processing Code 7740 glass were made by Elmer
Approximate characterisitcs of the optimized process are as follows:

transmittance (upper curves).of treated
and untreated samples vs. wavelength

in visible and near
Elmer and F.

Glass composition - Code 7740 (in wtX) -
. 91l2- » 8203-T3%, Al1,03-2%, Nap0-4% ’ ’
Etching chemicals
Reagent grade nitric acid, ammonium fluoride and hydrofluoric acid.

Technical grade ammonium bifluoride.
Distilled water.

Heat Treatment
GTass specimens heated in an electric furnace for 3 hrs at temperatures of 600-680°C.
Solutions heated in plastic containers in a hot water bath.

Surface Treatment

Pre etch in 10 wt% ammonium bifluoride solution at room temperature for 20 min.
Rinse in distilled water for 30 seconds.

Selective etch in desired solution, generally at 90°C for 5 min.

Soak in distilled water at room temperature for 2 min.

Dip in alcohol and dry at room temperature.

Reflectance and transmission versus wavelength
The reflectance and transmittance of treated and untreated samples for wavelengths in
the visible and near infrared are saown in Figure 7. The samples were heat treated at
630°C and etched in 1N HNO3 containing NHgHFp.
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Figure 7: Reflectance(lower curves) and Figure 8: Transmittance of Code 7740

glass as a function of time of treatment
in 0.3 wt¥% NHgF-HF dissolved in 1N HNO3
heat treatment for 3 h at 630°C followed
by cooling at 100°C/h.

infrared. From T. H.
W. Martin, Reference 41.

Transmittance versus time in the solution for
SoTution: 1IN HNO3 + 0.4 wiX NH4F-HF at 30°C
Wavelength range 0.4-0.7um
Transmittance for wavelengths
Wavelength range 0.7-2.0um
Transmittance for wavelengths
Solution: 0.16.N HNO3 + 0.6 wt%
Wavelength range 0.4-0.7um
Transmittance for wavelengths
Wavelength range 0.7-2.0um
Transmittance for wavelengths

glass heat-treated at 630°C for 3 hrs

of 0.4-0.7um are given in Table 1.

of 0.7-2.0um are given

NH4F at 90°C

in Figure 8.

of 0.4-0.7um are given in Table 2.

of 0.7-2.0um are given in Figure 9.
Durability
Power and Elmer*? reported that the solar transmittance

remained virtually unchanged after 37 months continuous

of treated Code 7740 glass
exposure to weather.
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Table 1. Transmittance of 630°C Heat-Treated Code 7740 Glass Treated in 1N HNO3 + 0.4
wtX NHgF<HF at 90°C.  From T, H. Elmer and F. W. Martin, Reference 41.

Treatment time Transmittance at 0.4-0.7um
(min) 0.4 0.5 0.6 0.7

0 . 91.6 91.7 91.9 92.0

3 99.0 99.0 99.0 98.8

5 * 99.4 99.6 99.0 98.8

10 ' ) 99.4 99.6 99.3 99.0

15 - 99.5 99.3 98.9 99.1

20 99.6 . 99.6 .98.8 ..99.0

30 99.6 99.6 98.8 99.5

Table 2. Transmittance of 630°C Heat-Treated Code 7740 Glass Treated in 0.16N HNO3 + 0.6
wtX NHgF at 90°C. From T. H. Elmer and F. W. Martin, Reference 41.

Treatment time Transmittance at 0.4-0.7um
(min) 0.4 0.5 0.6 0.7
0 9z.1 92.0 92.1 92.1
0.5 98.9 89.9 98.2 97.4
1 99.0 99.0 98.5 98.0
2 99.0 99.0 98.5 98.3
4 99.8 ©99.8 99.0 98.5
6 99.8 99.8 99.0 98.7
10 99.0 99.4 99.0 98.0
15 99.4 99.5 99.0 98.0
20 99,6 99.5 99.0 98.0
30 99.8 99.5 99.0 98.0

Phase-Separated, Optical Quality Glass

Graded-index AR surfaces on Corning Code 7740 glass exhibited much higher thresholds
for damage by pulsed Nd-glass lasers than thin-film AR coatings.®*® As a result, the
possibility of graded-index surfaces for high power laser applications became of interest.
However, Corning Code 7740 gliass has a high silica content and high melting temperature,
which make it difficult to produce with optical quality. To meet this need, Hoya developed
an optical quality, phase separable glass, ARG 2. Its properties and graded-index surface
formation were reported by Asahara and Izumitani.®

Properties of ARG 2 glass. The properties of ARG 2 are given and compared with other
optical glass in Table 3. :

Antireflection treatment. Samples were heat treated at 570°C for 3 hrs, then leached
in an aqueous solution of 0.1% NHaF-HF and 1.0% HNO3 for 10 min at 75°C.

Reflectance and transmittance versus wavelength, Reflectance and transmittance for ARG
7 glass after heat treatment and leaching is shown in Figure 10.

Dependence of reflectivity on leaching time. The reflectance spectrum of ARG 2 leached

for various periods is shown in Figure 11,

Refractive index, volume fraction and film thickness versus leaching time. From Figure
: Y17 The maximum and minimum reflectivities and the wavelengths at which they occur can

be determined for each leaching time. These values may be used in Equations 10 and 11

to determine the refractive indices np and np' at the air and glass boundaries of

the graded-index layer and the thickness of the layer. Equation 4 may then be used to

give the volume fraction of glass remaining at the air side Va and glass side Vg of

the layer. These results are summarized in Table 4 and Figure 12. )

Scattering loss in phase separated glass. Because phase-separated glass is
Tnhomogeneous, loss due to Rayleigh scattering occurs. Figure 13 shows the measured
loss for ARG 2. The loss coefficient is proportional to 2-4 as predicted by

Rayleigh scattering theory."*
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Table 3. The Properties of ARG 2. From Y. Asahara and T. Izumitani, Reference 43.
- BK 7 BK 3 ARG 2
nd 1.51680 1.49831 1.49596
Tg (°C) : 555 550 495
Tg (° 615 605 573
a (10-7/°C) 87 59 54
Da (wtXloss) 0.04 0.13 0.39
(0.01N.HN03,]00°C,’H\)
Dy (wtXloss) 0.13 0.29 0.21
{H20, 100°C, 1h)
—- 5 T T T T T T
1; 2 100 =
by ransmission
: L ]
£ 5 1 1
$ §_ 20[
L __8; 2 0} Reflection
[
3 0 .
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Time (minutes)

Figure 9: Transmittance of Code 7740 glass
as a function of time of treatment in
0.6 wtX NHq dissolved in 0.16 HNOj3.

From T. H. Elmer and F. W. Martin, Ref. 41.
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Figure 10: Transmission and reflection

of ARG 2 vs. wavelength: The sample

was heat treated for 3 hours at 570°C

and leached at 75°C for 10 minutes.

From Y. Asahara and T. Izumitani, Ref. 43.

Reflection (%)

Leaching conditions: 75°C . ..
1; 30sec., 2; 1 min., 3; 2 min., 4; 4 min.,
"~ 5;6 min., 6;9 min.

Wavelength (nm)

Figure 11:
and T. lzumitani, Reference 43.

[

The change in reflection curves of ARG 2 with leaching time.

From Y. Asahara
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Figure 12: Refractive index, volume fraction and thickness of the antireflection layer
versus leaching time. From Y. Asahara and T. Izumitani, Reference 43.

.

Durability. Data given in Table 4 show that the Knoop hardness of ARG 2 after leaching
Js about one-third the value of the original glass before leaching. The reduced
hardness after leaching is due to the porous structure of the surface. The leached
surface can be gently cleaned with lens tissue and solvent without significant change
in reflectivity. However, slight scratching can be observed using a microscope.

Neutral Solution Processing

The Neutral Solution Process, developed by Schott Optical Inc.*5**® produces
graded-index surfaces on borosilicate glass, such as BK-7, without the requirement of
.phase separation. This process is currently used to develop AR surfaces on optical
components up to 90 c¢cm diameter for high power Nd-glass lasers."’

. The Neutral Solution Process derives from studies by Schroeder*®~®°® of corrosion of
alkali silicate glass by neutral and weakly alkaline solutions of electrolytic salts such
as NaCl, LiCl, NaHAsO4 and NaCpH303. Schroeder proposed that porous, low-index surface
layers were formed by the competing processes of partial leaching and total dissolution or
etching. The porosity of films formed in “neutral® solutions depends, for a given glass,
on the pH and composition of the solution. These and other related studies were reviewed
by Schroeder®' and Kinosita.®? The process has also been used to prepare AR surfaces

on other borosilicates, crown glasses, lead silicate optical and opthalmic glasses and
silicate-based laser glasses, demonstrating its wide range of applicability."®

Sample preparation. BK-7 glass disks were ground and lapped using 12.5um diamond
grit and polished with Ce0p. Plastic pads were used for grinding and polishing.

Graded-index surface formation. Samples were loaded into polypropylene racks and placed
3n a solution of 0.03M sodium arsenate and 1.3x10"3 M A13% at 87°C. Solution pH was 7.7.

A
g




. SPH .
R M 387-0k
Jl

Table 4. Refractive index, volume fraction and thickness of the gradient-index layer as a
function of leaching time. From Y. Asahara and T. Izumitani, Reference 43.

‘Teaching Time Average Refractive Index VoTume Fraction Thickness Knoop Hardness.
(min) Rmax(%) Rmin(%X) n2 n'z Va(X)  vg(X) d(u) Hy (kg/mm?)

1 0 4.05 4.05 12495 1.495 100 100 0 806

2 0.5 0.908 0.552 1.185 1.465 43 101 0.63 -

3 1.0 0.587 . 0.370 1.148 1.472 35 102 0.71 -

4 2.0 0.500 0.203 1.123 1.458 30 100 1.07 257

5 4.0 0.368 0.109 1.098 1.455 24 99 1.38 -

6 6.0 0.301 0.089 1.088 1.459 21 100 1.58 -

7 9.0 0.261 0.104 1.087 1.468 21 102 2.13 -

8 .20.0 - - - - - - - 123

9 60.0 - - - - - - - 35.6
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Figure 13: Attenuation coefficient as a function of wavelength for ARG 2 phase-separated
glass. : -

Treatment solutions were contained in polypropylene tanks held in a constant temperature
bath.

To stop leaching, samples were soaked in distilled water at 20°C for 2 min, then rinsed
- in clean spectroscopic grade methanol for 2 min and dried under vacuum of 2.3 kPa for
30 min.

Reflectance versus treatment time. For treatment times of 10-45 hr the reflectance
spectrum showed a single broad minimum in the visible or near infrared.

The wavelength of minimum reflectance increased with increasing treatment time as shown
by Figure 14.

Reflectance and transmittance data at the reflectance minimum for varying treatment
times are given in Table 5.

Reflectance and transmission versus wavelength. The reflectance spectrum shown in
Figure 15 was recorded for a sample processed for 39 hours, giving a minimum reflectance
at 1.049um of 0.01%. The transmittance through the sample at 1.04um was 99.3%.
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Figure 14: Wavelength of minimum reflectance versus processing time for BK-7 surfaces.
From Cook et al, Reference 46.

Figure 16 shows the spectrum of a surface processed for optimum transmission
simultaneously at 1.06um and 0.53um. These results were achieved in a production
facility at Lawrence Livermore National Laboratory which can process surfaces up to 100
cm diameter.*?
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Figure 15: Reflectance spectrum of BK-7 before and after Neutral Solution ProcesQing.
From Cook et al, Reference 46.

Influence of surface polishing on film formation. Significant differences in the rate
of film formation were observed when different polishing techniques were used. Table 6
gives results for two different treatment times applied to BK-7 polished by various

processes.

Light Scattering and Absorption. Marker et al®® measured loss due to light scattering
and absorption as a function of wavelength for BK-7 treated by Neutral Solution
Processing. Polished samples of fire-anneated, tank-melted BK-7, 1-cm thick were.
prepared with reflectance minimum near 1.06um,
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Figure 16: Transmission versus wavelength through 1 cm thick BK-7 processed for optimum
transmission simultaneously at 1.06um and 0.53um. From Wirtenson et al, Reference 47.

Table 5. Coatings Produced by Neutral Solution Process at 87°C on BK-7 Optical
Borosilicate Glass*. From Cook et al, Reference 46.

Sampling time {(h) Wavelength of min. reflectance *Reflectance at min. %I at min.
no single minimum 8% R 530 nm 91.8% T 530 nm

6 no single minimum 6.8% R 530 nm 93.0% T 530 nm
10 270 nm ' 0.01% N.A.
14 448 nm 0.05% 99.5%
17 510 nm - = 0.05% 99.8%
18 525 nm 0.05% - 99.8%
20 §55 nm ' 0.10% 99.7%
24 660 nm . 0.10% 99.7%
26 710 nm 0.10% 99.8%
28 738 nm _ 0.10% 99.7%
34 895 nm, 358 nm 0.30%, 0.25% 99.5%, 92%
36 960 nm, 365 nm - 7 0.20%, 0.3% 99.6%, 91%
38 , "7 1000 nm, 390 nm > o . 0.20%, 0.15% 99.0%, 91%
39 . 1040 nm, 370 nm 0.01%, 0.10% 99.3%
45 1400 nm, 55C nm 0.2%, 0.21% 99.5%, 99.5%

*Reflectance and transmittance data for two surfaces 85 = 10°

Table 6. Comparison of Polishing Techniques Used in Neutral Solution Process at 87°C on
Optical Borosilicate Glass*. From Cook et al, Reference 46.

PoTishing Technique A B C b E F
“T8 hours
a) wavelength of
minimum reflectance 510 nm N.A. N.A. 480 nm 480 nm 525 nm
b) % reflectance
at minimum 0.15% N.A. N.A. 0.07% 0.07% 0.05%
24 hours
a) wavelength of
minimum reflectance 640 nm 850 nm 850 nm 750 nm 750 nm 660 nm
b) % reflectance
at minimum 0.10% 0.15% 0.15% 0.15% 0.15% 0.10%

*A = hand polished with prastic pad, B = pitch polished by hand, C = felt polished by hand,
B = B etched 1:1 HF/H3504 5 min at 20°C, E = B etched 48% HF 5 min at 20°C, F = machine

polished, plastic pad.
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Table 7 summarizes the values of transmission, T, reflectance, R, and loss measured for
wavelengths of 0.35-1.06um. Internal loss due to absorption, Aﬁ- d scattering,

. S4, is determined from the exponential loss coefficient aj = 1n 2 where Ty
and Ty are the transmission through two samples of differing thickness and D is the
difference in thickness in units of cm. The total internal loss is Aj + §; =

- (1-exp-aj) = 1 -Iléll The loss due to surface scattering is Sg =
-(A§+51+T+R}. . -

Table 7. Values of transmission T, two-surface reflectivity R, internal loss coefficient
aj, internal loss due to absorpt1on A and scattering S;, and surface scattering
loss Sg. .After Marker et al, Reference 53.

A(nm) T(%) R{%) aj{cm=1) . Aj+S; Ss
350 94.8 T.4 2.99 x 10-¢ .029 0.009
400 99 .1 0.4 0.241 .002 0.003
450 99.4 0.4 0.281 .003 0.000
500 98.5 1.4 0.200 .002 0.000
550 97.3 2.4 0.120 .001 0.002
600 96.8 3.0 0.160 2002 . 0.000
650 96.3 3.2 0.200 .002 0.003
700 96.7 2.9 0.120 .001 0.003
750 97.2 2.6 0.080 .001 0.001
800 97.6 2.2 0.080 .001 0.001

1060 99.6 0.3 0.040 0 0.001

-Surface figure. Figure 17 shows interferograms taken before and after treatment. No
significant change in surface figure was observed.

Varijation of reflectivity with angle of incidence. The reflectivity versus angle of
incidence for Tight polarized parallel or perpendicular to the p]ane of incidence is
shown in Figure 18.

Refractive index profile. Us1ng Equat1ons 10 and 11 for the linear-ramp index profile
with the values from- Fl?ure 15, Rmin = 104 at 1.04Mm, Rmax_= 1.5x10°¢ at 0.51um -and
ng = 1.507, gvves nz 142, n 2 = 1.346 and d = 0. 21um. Ther reflectance spectrum

calculated using Equation 8 w1th these va]ues g)ves nearly exact agreement with the
measured spectrum in Figure 15.
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Figure 17: Interferogram of optically filat BK-7 sample 23 cm in d1ameter before treatment
(left) and after treatment (right) to produce minimum reflectivity at 1.06um. From Cook
et al, Reference 46.
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Figure 18: Two-surface reflectivity versus angle of incidence for light po]arwzed
parallel (R7y) and perpendicular (R;) to plane of incidence for BK-7 surface after
Neutrai Solution:Process for 28 hours. From L. M. Cook, unpub]1shed

Durability. Surfaces are sufficiently durable to be cleaned with lens tissue and
alcohol without visible change of reflectance. However, inspection with a

stereomicroscope at 100X magnification revealed minor scratches.

No measurable -change in reflectivity was observed after aging two monrths -at 50%
relative humidity.

Graded-index Coatings

Techniques reviewed in the preceding sections can produce graded-index surfaces only on
materials with appropriate leachable components. Graded-index coatings which can be
applied to a wide variety of substrate materials greatly 1ncrease the range of
applications. Coatings of non-crystalline, multicomponent, inorganic, oxide films cafi be
deposited by the sol-gel process and subsequently etched, with or without phase
separation, to produce graded-index AR surfaces.

-

The sol-gel process consists of polymerization of a viscous liquid sol of alkoxysilane
with other metal alkoxides or metal salts in alcoholic solutions to form a transparent
elastic gel. The residual organic material is removed by heating, leaving a microporous
structure.. The pores can often .be eliminated by further heating, without melting, to form

a glass-like material.

The term *sol-gel® has come to be applied to a variety of processes by which dielectric
films are deposited from solutions. Geffcken and Berger3" initially prepared films of
Si02. Their work was later extended by Geffcken®5 to other oxides of Group IV elements.
Interest in such films declined due to advances in vacuum coating methods, which were more
economical for small parts. Further development was stimulated by requirements for optical
coatings over ‘large surface areas. Schroeder®® found that oxide layers could be obtained
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with elements of most groups of the periodic table. Properties and applications of a wide
variety of single and mixed oxide films are reviewed by Schroeder®’ and by Dislich and
Hussmann.3® Recently, Yoldas®? used the porous nature of the initial film before
densification to create a single-layer AR film of Alp03 on soda-lime glass. Films of
multicomponent oxide glass were developed by Dislich and Hinz®°-%2 and by Levene and
Thomas.*?
McCollister and Boling®* used the sol-gel process to deposit a muliticomponent glass
film of a composition-that could *phaseseparate. - Then, -the film was heated to cause phase

separation and one phase was preferentially removed by leaching and etching to form a

porous, graded-index layer.

One possible coating solution, and the results achieved in

coating fused silica are as follows:®"

Coating solution.

Tetraethyl silicate (24.5 g) was mixed with methoxyethanol (25 g)

and T N nitric acid solution (2.4 g) was added.

The resulting solution was heated to

approximately 60°C and then allowed to cool to room temperature. Aluminum tri-sec-
butoxide (3.1 g) was added and the mixture stirred until a clear solution was obtai
Calcium nitrate tetrahydrate (4.6 g), sodium nitrate (1.1 g) and magnesium basic
carbonate (1.8 g) were dissolved in water (20 g) and concentrated nitric acid (10 g
The solution was then added to the aluminosilicate solution and the resulting solut
made up to a total weight of 200 g with isopropanol. The product contained the
equivalent of 10 g total oxides in 200 g total.

The composition of.the solution was such that, when heated to drive off volatiles a
decompose the organic portions, the resulting glass has the composition given in Ta

Table 8. Composition of graded-index sol-ge) coatings applied to fused silica.
Parts by Weight
Component Coating 1* Coating 2%
Si0p 70 84
Al503 6.4 --
Ca0 10.9 --
Mg0 7.8 --
Nas0 3.9 4
B203 -- 12

* From H. L. McCollister and N. L. Boling, Reference 64.

+ From S. P. Mukherjee and W. H. Lowdermilk, Reference 66.
Deposition.
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solution over the surface. After the coating was dry to the touch, the
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Heat treatment. The coating was consolidated by heating for 20 min at 300°C.
separation was then effected by heating for one hour at 750°C.

Both sides of the sample were etched by immersing for two minutes in a
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The etched and leached sample was then air dried under a heat lamp, i
coating on each side. The etched and leached portion was about 0.25um thicx

leavinag a porou

Then the sample was rinsed in water with ultrasonic agitation.

S

end the

porosity was highest at the surface, gradually decreasina away from the surface. The
pore size of the voids nearest the surface was about 100-200 A across.
Transmission of coated sample. The transmission of the silica and of the le

CIrT w2n

etched and leached ccatirg for varicus
G

[y

samp
containing the prase sepereled, eien
ruen onoa Cery 77 rRotoTeter s

Beling®" give exe~

wWow
Pecuite £ o

tezztrn zre oiyen in Tarol G, Z
and substrates.

cies of zoZitional costing soiutions




‘ ). Ay
CEETLATIT r 1 , , . } b?m{jg}'

Table 9. Transmission of fused silica samples uncoated and coated with phase-separated,
etched and leached coating for various wavelengths. From H. L. McCollister and N. L.
Boling, Reference 64.

Wavelength Transmission
nm Uncoated Coated
400 92° 96.5
500 -- 97
600 : -- 99.9
700 93.2 99.5
800 -- 99
900 -- 98.2
1000 -- 97.8
1100 -- 96.8
1200 94 --
1500 ) 94 96
2000 93.5 95 . )

Independently, Mukherjee!?» %% 6¢ developed a single-layer, gradient-index AR
coating based on the following steps: (1) prepare a partially polymerized solution from
metal alkoxides; (2) develop multicomponent non-crystalline glass-like transparent
gel-derived coatings with a leachable phase and/or porous microstructure; (3) leach the
leachable phase and/or change the pore morphology in a controlled way so that a refractive
index gradient develops. A description of that process and results are as follows:

Coating solution. The coating solution was prepared by mixing tetramethoxysilane with
twice 1ts volume of anhydrous ethanol at room temperature. The solution was heated to
40°C. A controlled amount of water [0.33 mol per mol of Si{0CH3)s] acidified with
dilute HC1 was added for partial hydrolysis of Si(O0CH3)s. Small amounts (5-7 vol%)
acetylacetone was added and the solution was stirred at 40°C for 1 hour. The pH of the
solution at this stage was 4-5. Then, boric acid dissolved in hot anhydrous methanol
was added and the solution was stirred for 3 hours. Finally, sodium methylate dissolved
in anhydrous methanol was added. The solution was stirred for 15 min at 40°. The
solution was further diluted with anhydrous ethanol to 0.04 g/ml metal oxide before
deposition of the coatings. - This solution gave coatings with the glass composition
given in Table 8. ‘

Substrate preparation. Test films weré applied to Corning Code 7740, BK-7 glass and
fused silica. The substrates were cleaned by a mild etch for 10 min in a 1 wt¥ NaOH
solution at 95°C followed by 2 min in 1 N HC] at 50°C. The substrates were then rinsed
with isopropanol and dried overnight at 150°C.

Deposition. Films were deposited by dipping the substrates in the dilute polymeric
solution. Substrates were suspended on a wire, totally immersed in the solution, and
then withdrawn vertically at a rate of 5 cm/min using a variable speed motor.
Transparent gel films formed on the substrate when the solution was exposed to
atmospheric moisture.

Thickness of the coatings was built up by multiple dipping. After each dipping, the

deposited layer was allowed to dry in air for a minimum of 15 min. Substrates have

been coated with ten layers without losing transparency. No systematic study was made

of the thickness of each lTayer or the densification of films at different temperatures.

However, the thickness of two multilayer films measured after drying at 150°C indicated
" that each dipping added a thickness of 325 A.

Heat treatment. The coated substrates were dried overnight in air under an infrared
Tamp at 80°C. They were then heated in a furnace, with temperature increasing at the
rate of 3°C/min;-to various:heat-treatment temperatures of 350-500°C.

Etching. After heat treatment, samples were leached in a 0.5 wt% hydrofluoric acid
sofution or a solution of 0.6 wt% sodium fluoride in 0.16N nitric acid for various

times between 15 sec and 10 min.

Reflectance of coated sample. Reflectance at 1.06um wavelength of films with various
heat treatments and leaching conditions was measured using a Nd:YAG laser. The results
are summarized in Table 10. The reflectance values given in the table are the minimum
values observed for each surface. Substantial variation over the surface was observed,
with reflectance maxima typicaily of 2%.
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Table 10. Reflectance of sol-gel films at 1.06um after leaching with 0.6 wtX NH4F in
16 N HNO3 at 20°C. From S. P. Mukherjee and W. H. Lowdermilk, Reference 66.

Heat treatment “Leaching time(s) Reflectance (X)
VTemp. {°C) Time (h) :
350 T3 _ T5 0.27
350 5.5 - 15 0.33 —
500 1.5 - 15 0.67
.500 5.5 15 0.20
350 1.5 30 0.33
350 5.5 30 0.13
500 1.5 30 0.23
500 5.5 30 0.13

Graded-index Surfaces Produced by lon Implantation

Spiller et al®’ reported producing a graded-index layer on plastic surfaces by
bombarding them with high energy ions and subsequently etching the particle tracks. The
high energy particles produce damage tracks when passing through the solid. A properly
chosen etchant can widen those tracks to produce a microporous surface.

The shape of the etched track is determined by the ratio of etch rates in the damaged
and undamaged areas. To form an effective AR layer, the etched tracks must form narrow
cones with a depth > A/2 and the spacing between tracks must be << X to prevent large
scattering losses. The process and results are summarized below.

Samples treated. Biphenol-A polycarbonate plates 3.2 mm thick (General Electric Co.,
Lexan) Polyethylene terephthalate sheets 0.076 mm thick (E. I. Dupont, Mylar D).

Irradiation. Samples were irradiated on one or both sides with ions from a 2 MeV Van
de Graaff generator. Results were reported for irradiation by helium and carbon ions.

Etch procedure. Samples were immersed in 6N sodium hydroxide solution typically for 4
min at 60°C, rinsed in deionized water and dried.

. wSurface.reflectivity. . Reflectivity .and.increase in transmission of the polycarbonate
window are shown in Figure 19. Results obtained on the Mylar films are shown in Figure
20. The curves in Figure 20 show the difficulty of obtaining low reflectivity in the
IR and, simultaneously, low scattering loss in the UV. Low scattering in the UV can be
obtained only with very dense, fine tracks which are produced by a short etching time.
To obtain low IR reflectivity, the etch time must be increased to make the depth of the
etch pits > A/2 for IR wavelengths. However, with long etch time, the pits widen and
structure becomes coarser which increases UV scattering.

In principle, this technique is widely applicable because damage track formation has
been observed in a large number of materials.®® Parameters which determine whether
an effective graded-index AR surface can be formed are:

a. The energy loss rate of the particle within the material, which affects the
differential etch rate.®?

b. The exposure dose, which determines the average spacing between tracks.

c. The selection of etchant and etching time.

Stephens and Cody® bombarded fused silica with 63 MeV copper ions to a density of
.about 1012/¢m2 and etched for a few minutes in 2.5 wt% ammonium hexafluoride solution.
The resulting surfaces had reflectivity of ~ 2% in the visible with substantial
scattering loss in the UV.

Recent experiments by Hopper?® have shown the possibility of forming AR surfaces on
various optical glasses by bombarding the surfaces with uranium fission fragments and
etching the damage tracks. Tests also have been conducted on fused silica. However, only
low differential etch rates have been achieved which produce wide, shallow cones leading
to large scattering losses in the UV,

"Moth's Eye" Antireflection Surfaces

Graded-index AR surfaces occur in nature. Bernhard?! discovered that the cornea of
nocturral insects is coverec by arravs of fine protuberances, which he called corneal
rnirries. Me pronosed it the purpose of these arrays was to reduce reflectance of the
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Figure 19: Measured reflectivity R of a polycarbonate window and increaké in transmission
AT. R and AT are normalized to one surface; the decrease in transmission for blue.
light is due to scattering. From E. Spiller et al, Reference 67. IR
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Figure 20: Change of the transmission vs wavelength of a foil of Mylar D {thickness =
80u) exposed on one side to a flux of ~ 1012cm-2 carbon ions with 2-MeV energy and
developed in 6N NaOH at temperature of 35°C with the development time as a parameter.
Heavy exposure produces a decrease in transmission of wavelengths X < 400 nm, which
can be recognized by some yellow coloration of the sample even before development,

Increasing development time reduces the reflectivity and increases the transmission. At
A = 400 nm maximum transmission is obtained for a development time of 6 min. Longer
development results in increased scattering, which decreases the transmission again. From

E. Spiller et al, Reference 67.

surface of the eye and thereby improve the insect's camouflage. The nipples had both
height and spacing of about 2000 A which provide a graded transition of refractive index
between the air and the cornea. Bernhard's proposal was substantiated by measurements
with microwave radiation reflected from a model of the array, scaled up appropriately for

the longer wavelengths.

- Similar surfaces to those of the moth's eye were prepared in photoresist by Clapham and
Hutley.’? They recorded straight line interference fringe patterns from two krypton

laser (351 nm) beams intersecting at 120°, giving a fringe spacing of 210 nm. .The array
structure was formed by superimposing two such patterns at right angles. Scanning. electron
micrographs of the natural and photofabricated surfaces as well as the reflectance Spectrum
are given by Hutley.?’?® The integrated white light reflectance was reduced from 5.5% to
0.35%, which compares well with commercial multilayer coatings. e

Optimization of a moth's eye and other corrugated surfaces for minimum reflectance has
been discussed by Thornton.”’* He concluded that a 30d® reduction in reflectance could be
achieved over a bandwidth of 1.4 times the short wavelength limit of the band. .
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Laser-induced damage to graded-index AR surfaces

An important stimulus to recent developments in graded-index AR surfaces was the
discovery by Lowdermilk and Milam® * that the surfaces had significantly higher threshold
for laser-induced damage than conventional, vacuum-deposited AR coatings. A comparison of
damage thresholds of graded-index surfaces and Si0,/Ti02 thin-film AR coatings is
given in Figure 21. These thresholds were measured with 1 ns, 1.06um pulses from a
Nd-glass laser. The graded-index surfaces were formed by leaching phase-separated glass.
Damage thresholds of graded-index®"surfaces formed on non phase-separated glass are shown
in Figure 22. The threshold of these surfaces may be further increased by irradiating
them with laser pulses-at fluence levels below the initial damage threshold.!! Damage
tgresholds,of graded-index coatings deposited by the sol-gel process are shown in Figure
23.

(a) GRADED-INDEX AR
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Figure 21: Histogram of 1 ns, 1.06um laser-pulse damage thresholds of (a) graded-index
AR surfaces on phase-separated, leachec and etched glass, (b) Si0/Ti0p thin-film AR
coatings. From W. H. Lowdermilk and D. Milam, Reference 8.
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Figure 22: Histogram of laser damage thresholds for leached AR surfaces on BK-7 produced
by the Neutral Solution Process and for S$i02/Ti0y thin-film AR coatings. Thresholds
were measured with 1 ns, 1.06 um laser pulses. From L. M. Cook et al, Reference 10.
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Figure 23: Histogram of laser damage thresholds for sol-gel AR coatings and S$i0,/Ti0,
thin-film AR coatings. Thesholds were measured with 1 ns, 1.06um laser pulses. From S.
- P. Mukherjee and W. H. Lowdermilk, Reference 12.

Damage to vacuum deposited AR coatings has been studied extensively.’® C(Coating damage
results from absorption of energy. If absorbing particles are trapped at the glass-coating
interface, exposure to high energy laser pulses causes them to vaporize, thus damaging the

coating.

The high’ damage” threshold-of graded-index surfaces is thought to be a consequence of
the integral nature of the surface. First, interface inclusions do not occur since there
is no interface, and, in addition, the leaching process may remove particulate impurities.
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Second, bond strength between the graded-index surface layer and the glass is that of the
glass itself, which reduces the possibility for delamination. Finally, the surface layer
should have low internal stress because the leaching process preferentially attacks
stressed bonds. ’ -

Conclusion

.. .Graded-index surfaces have had a long and interesting history; beginning over a century
ago as a scientific curiosity. Tkchniques for producing graded-index AR surfaces finally
reached commercial application only to be almost immediately replaced by vacuum-deposited
coatings. After laying dormant for forty years, interest in graded-index surfaces was
revived by important applications in solar collectors and high power lasers. These and
other applications such as optical disk and various anti-glare surfaces are stimulating

new developments in materials and techniques for providing graded-index surfaces and films.
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