AD-A164 494  CHARACTERIZATION OF ALUMINUM NITRIDE/ALUMINUM OXIDE
REACTIVELY SPUTTERED CU) NAVAL HERAPONS CENTER CHINA

LAKE CA_ L GOE ET AL SEP 835 NWC-TP- 66 1

UNCLASSIFIED SBI -AD-E9080 S5 G 28/5

171

NL




| L 28 5(
o fmm - ,L_
——— E '™ L “ f_ ' ;
[l Sl - P
= 18 B

(£

o
O G

I2s s pus |

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A
*

T

‘.
R LT L AT T TR ot LT ’\"""J’é
. e L O T PR o e AL s X1 4 ‘(‘-'& § 3 ‘l P X PN
. o AN glu‘ml»l AN lr”h?ta BN o M0

Vb

- 00,00 | U' l
B R R ARG S PR



5—?05{3;@
NWC TP 6651

AD-A164 494

Characterization of Aluminum
Nitride/Aluminum Oxide Reactively

! Sputtered Antireflection Coatings

by

£ L. G. Koshigoe .
ngineering Department _
" - DTIC

and
it CTE

L. F. Johnson

T. M. Donovan "
C. D. Marrs FEB1 9 1986
Research Department \
SEPTEMBER 1986 7 L v

Approved for public release;
distribution is unlimited.




Naval Weapons Center

v “
B4
P ‘,..:"
o °
w FOREWORD
( ' The work described in this report was performed by the Naval
-l Weapons Center, China Lake, Calif., under Arpa Order 3343. This report
e is a preliminary study of the multilayer system AIN/A1,03 and its
e resistance to certain environmental conditions. The work described was
N carried out during FY 1984,
i
ol The report has been reviewed for technical accuracy by A. D. Baer
i and J. L. Stanford.
{ Approved by Under Authority of
N0 D. J. RUSSELL, Head K. A. DICKERSON
Engineering Department Capt., U.S. Navy
24 September 1985 Commander
@ Released for publication by
B. W. HAYS
By Technical Director
.
f‘.::‘ NWC Technical Publication 6651 4
[ |
':~:‘ Pub]ished byl..l....l...l...ll.........O..‘......OEngineering Deparmnt
_'.._ co‘]ation.I......l.l.".....'00000.0...0........l....'..cover’ 19 ]eaves
-.., First Printing..ccviceccscesccecssccscncssesseseesss250 unnumbered copies




i'ff,,, LA LANSIPLA "y PALE ﬁﬁ’ﬂ/ eg ‘/7(/

e [ REPORT DOCUMENTATION PAGE

'Q. ————

3;& Ta ACPORT SECURITY CLASSIFICATION 6 RESTRICTIVE MARKINGS

AL

nt' *AY A —

:‘ 28. SECURITY CLASSIFICATION AUTHORITY 3 OISTRIBUTION/ AVAILASILITY OF REPORT

' A Statement

ey 20 DECLASSIFICATION / DOWNGRADING SCHEDULE

T

;:::g".' 4. PERFORMING ORGANIZATION REPORT NUMBER(S) 5. MONITORING ORGANIZATION REPORT NUMBER(S)

LA

Ot

ple | NWC TP 6651

v Y . NAME OF PERFORMING ORGANIZATION 6b OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION

N (1f spphicabie)

o

_;.::; Naval Weapons Center

RIY  [6c ADORESS (Gity. State. and 2 Code) Tb. ADDRESS (City, State, and 23 Code)

Bx )

o

KX | China Lake, CA 93555-6001

TR § 8a. NAME OF FUNDING / SPONSORING 8b OFFICE SYMBOL §9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER

P ORGANIZATION 0f sppiicable)

s Naval Weapons Center

‘N 8. ADDRESS (City, State, and ZW Code) 10_SOURCE OF FUNDING NUMBERS

3 o [ [0 e [
L . . . ~NO

ye | China Lake, CA 93555-6001 Arpa

LT Order 3343

.,_.j-ﬂ 11. HTLE Ginclude Security Classification)

s CHARACTERIZATION OF ALUMINUM NITRIDE/ALUMINUM OXIDE REACTIVELY SPUTTERED
::5;; ANTIREFLECTION COATINGS (u) -

"'lg; i%%e‘:mLH.o € ; Johnson, L. F.; Donovan, T. M.; Marrs, C. D.

{4 13a. TYPE OF REPORT 13b TIME ERED 14. DATE OF REPORT (Year, Month, Diy) $S. PAGE COUNT
* "Final tom 1954 1o 1984|1985, September ” l' 36

" o

‘Y 16 SUPPLEMENTARY NOTATION

"91

:,‘),é 17 COSATI CODES 18. SUBIECT TERMS (Continue on reverse «f necessary and dentify by block number)

“,;E‘,: FIELO GROUP SUB-GROUP s AIN/A1,03 Multilayer, Antireflection Coatings, Electron

';";' Beam Irradiation, Fluorine Exposure, Humidity, Laser Damage
’j 19. ABSTRACT (Continue on reverse H necessary and identify by block number)

g (U) Aluminum nitride/aluminum oxide wmultilayer protective antireflection coatings are

e being developed for use on laser windows. These materials have been shown to be relatively

stable and scratch resistant, thus demonstrating their applicabfility for this use. Both
W two- and three-layer coatings were designed at the wavelength of 0.500um. The design tech-
i niques utilized, as well as the resulting transmission spectra, are discussed. Single-layer
A films have been deposited on fused quartz and calcium fluoride substrates, and a three-layer|:
. film has been deposited on a fused quartz substrate. Studies of the resistance of thesel:
e films to varfous environmental conditions {ncluding laser radiation, fluorine, electron beam
A irradiation, and humidity are presented. Surface analysis techniques such as scanning Auger
Wl wicroscopy (SAM), scanning electron microscopy (SEM), enerqgy dispersive X-ray microanalysis
" (EDX), X-ray photoelectron spectroscopy (XPS), and Nomarski microscopy were used to examine
ey coating composition and stoichiometry. Preliminary measurements on the laser resistance of

- the materfals indicate that damage at defects is the predominant failure mode.

\

.:: : 20 OSTRIGUTION /AVALASBILITY OF ABSTRACT 21 ABSTRACT SECURITY CLASSIFICATION

X i Cunaasssicounumited O same as ko1 D o1ic usens Unclassified

i [ 220 NAME OF RESPONSIBLE INDIVIDUAL 22b TELEPHONE (inchude Area Code) [ 22¢ OFFICE SYMBOL 4
! Leslie G. Koshigoe (619) 939-3364 =
OD FORM 1473, sa mar 8] APR 01100 may be ured until exhausted 114 $SIF ¢ T et
\ -‘ ’ ' ] )
8 Hllother samont seotaolate UNCLASSIFIED . ':-'-'if‘i’,.;.‘j
B o T 0 s R N O DO AN I L AT T




UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE

o
o,

-
.

IR r
SRR
S

Cx
o
oy

A

S

O AN ¥
DN BRI XU

¥ WY V5 A% 3
l'ﬂ‘l-s’ld"“,h . '!.‘\‘)!l‘n, ity < o

..

PR

AT

2 l ",

S 1]
e

A

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE

> PR R

Y

7-‘("

AR NA ™ W
A I LA

3
¥

AT
B I KN




o NWC TP 6651

- CONTENTS
\';"; Intromction.‘..........'.....'...............‘..................'... 3
i‘;t‘ Mu]ti1ayer Designs. N EEEEREEEEENEEEENEENN N NN NI W N N I N N A I I N NI N I N I I B I N NI NN NN N 4
“‘ Tm-Layer Design. [ EEEEEXEEENEENEYNENN NN N NN NN NN I N BN N I N I I N B R N I NI N NN N NN NN 4
. Three-Layer Design. O O 0 O 0 0 00000 0O OB BB OO OOON OO OB ORI DOOOPPRNOENNILSIOSTOEOESDS 7
'.-;':

:‘I. Samp]e Preparation.........l......'..................Q...l....‘......ll

ﬂ‘i Fi]m Stmcture...uo...o...oooc...o'-c.......-.00'.00.0..000.'...0.0.016

Resu]ts.co...c.oo.....o.o.o.ol..O0.0........O..O....0..0000000000000019

‘-’“ Laser Radiationoo-...o...00.000I...ol..o..ll...loloo.ool........l19

:;: F]uorine Exposure....................'........'..‘................24
.‘;‘ E1ectr°n Beam Irradiation..‘.......0.........l....‘..............24
4:': Humidity.‘..‘....."Q'..’.....‘..........'...............l..‘....24
:aq,'

. conc]usions.'.....I.................l....Ql...‘.......‘..............26
-

:“:; References............‘.I..........I.l...................l.......‘.0.27
%!,:

§f= Appendix:

9 Computer Program ANTIREF for Calculating Three-layer.......cees..31
Antireflection Coating Solutions.

) Figures:

1. Two-layer Design Configuration....ccccceceseccccccscscscaccses 6

R 2. Theoretical Transmittance of Two-layer Design..cccecescccscces 6

;9, 3. Normalized Electric Field Intensity of Two-layer Design...... 6

! 4a. Antireflection Solutions for a Three-layer Design

W, with Fused Quartz as Substrate......ceeceeecsenccccnscccecses 9

(‘ 4b. Antireflection Solutions for a Three-layer Design

oy with Calcium Fluoride as Substrate...ccceceoceccsccscecescees 9

o 5. Three-layer Design Configuration with Fused Quartz

g . aS SUDSErate.ccecceccssceccscosccccescsscncoassscsssssossccsccss 9
9

o 6. Theoretical Transmittance of Three-layer Design

¥ with Fused Quartz as Substrate...c.eececencccccescscssccencss 9
g 7. Normalized Electric Field Intensity of Three-layer 3
Y Design with Fused Quartz as Substrate.....ccececececearccess 10 ved a
{4 8. Experimental Transmittance of Three-layer Design a
W with Fused Quartz as Substrate.....cccecscecescocesecssaacesslb
e 9a. Topography of AIN Single Layer..eeeescessccsscscssssassccssssl?
KA 9b. Cross Section of AIN Single Layerieceececesecessccsoscscscacssl? :[

3 |

~vailability Codes
“Avail and|or

o L2

" Dist Special

o ? % I

AT AT UL RO BE .Uy Uy 0% 3T > T W]
W A RE RO RS AT GARTGT



t ]
.ﬁ} NWC TP 6651
Y
10a. Topography of A1,03 Single Layer...ccceeceececcccccsccccsseasl?
e 10b, Cross Section of Af203 Single Layer.iiceeeccscecocssscsssaeseal?
i 11a. Topography of AIN/A1,03/AIN Multilayer...cceececececscocccessl?
o 11b. Cross Section of AIN/AT1,03/AIN Multilayer....cceeeeececeeceedl?
oy 12a. Enlargened Top View of AIN Single Layer Defect....ccce0vese..18
SN 12b. Enlargened Top View of A1,03 Single Layer DefeCt.e.eeeeeeessl8
A 12c. Enlargened Top View of AIN/A1,03/AIN Multilayer Defect.......18
e 13a. Damage Site 1 Showing Small Damage Craters
-:‘Zi: AmOﬂgSt DefeCtS......................u......................20
e 13b. Damage Site 2 Showing More and Larger Damage Craters
o Amongst Defects (than Site 1).ceececercccccsccaceecsssvooosssl
e 13c. Damage Site 3 Showing a Reduced Number of Apparent
Defects and More Damage Craters (than Site 2)........c0000...20
e 13d. Damage Site 4 Showing Agglomeration of Damage Craters........20
SN 13e. Damage Site 5 Showing Small Pitmarks and
v oy Loss of Much of Quter FilM.c.ceeiereecesococccecccncnsaccaes 20
s 14a. AES Spectrum of Smooth Film Portion of Site 2....cc000ciceess22
R 14b. AES Spectrum Taken Within Damage Crater of Site 2....c0000.0.22
15. AES Spectrum of Smooth Film Portion of Site 4....c00eeenesess23
PN 16a. AES Profile of AIN Single Layer Exposed to Fluorine..........25
R 16b. AES Profile of A1,03 Single Layer Exposed to Fluorine........25
;',:’;:t
t,‘;l '
L
A
7] Tables:
5y 1. Information on Samples Prepared in dc Magnetron System.......12
R 2. Information on Samples Prepared in rf Diode System...........13
bt 3. Purities of Materials Used in Sample Depositions.ccceeecceeeel3
7?n 4. Laser Energy Densities for the Five Damage Sites.............21
., |:
g
“ ,:;: .
o
L.
;»,;,;i ACKNOWL EDGMENT
M
J‘!?y .
fﬁﬁ The authors would like to gratefully acknowledge the technical
M contributions of E. J. Ashley, A. D. Baer, R. Z. Dalbey, W. N. Faith,
s A. K. Green, J. L. Stanford, and R. W. Woolever. The authors would
e also like to thank P. J. Jaime for preparation of the manuscript.
3442 ) And lastly, the authors would like to acknowledge the Defense Advanced
ﬂ§ﬁ . Research Projects Association (DARPA) for their partial support of
R this work.
S '
L
;.'?f.; 2
o
e
A

X DDA, SOOCO00 MO0 AR AR T (AT AT ATAS Y A AW T A A AT LA A J
DR IO MR Mot XY MM SR STt DS ¢ XX MY SR ICRAO Ko T O MU X A N Y R RN Sy RS TN

O




NWC TP 6651

x
ol
u% INTRODUCTION
1
" ‘ New multilayer antireflective coatings are being developed for
'fe;f protective use on laser windows. These coatings consist of alternating
3?_-';'_ layers of aluminum nitride and aluminum oxide, which are stable and
_ﬁ'}':‘ - scratch resistant. Both materials have large bandgaps and are highly
Ny transparent from the ultraviolet to the infrared, thus making them
) ideal for use with many laser systems.
;a;‘ Both two- and three-layer designs have been developed for use
«{’.; at certain wavelengths. The two-layer design was based upon the work
" of Cox and Hass (Reference 1) and uses aluminum oxide as the outer
3}.} material. This is particularly desirable since A1,03 is resistant to
W moisture as well as to fluorine. The three-layer dzesign was developed

by applying the works of Baer and Mouchart who have determined
st techniques which allow for much design flexibility (References 2 and 3,
b, respectively). This flexibility is the result of an extra degree of
Ef’ freedom which may be used to optimize the design with respect to low
s absorption, large bandwidth, good adherence, or ease of fabrication
i (Reference 4).
4{3‘! Preparations of the films have been achieved by numerous techniques
;-:. including reactive sputtering and evaporation, chemical vapor
: deposition, ion plating, activated decomposition of organometallic
R compound vapors, aluminum anodization, and laser-assisted deposition
s during electron beam evaporation (References 5 through 36).
) In this study, the methods of dc magnetron, ion beam, and rf diode
;;’g sputtering have been used to deposit single layers and multilayers.
u’:} Films prepared by these techniques have typically been shown to be
:;:5‘ stoichiometric and of high packing density.
'.,:,
Studies on the reactions of the multilayer materials with fluorine,
{ electron beam irradiation, and humidity as well as on their damage by
g:; laser radiation will be discussed. The main techniques used for
ik analysis and characterization of the films after exposure to the above
{2_@‘ . environments are scanning Auger microscopy (SAM), scanning electron
) microscopy (SEM), energy dispersive X-ray microanalysis (EDX), X-ray
b photoelectron spectroscopy (XPS), and Nomarski microscopy.
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N MULTILAYER DESIGNS

L The choice of materials, AIN and Al1,03, necessitate the use of
multiple-layer design techniques for obtaining zero reflectance.

ae Both materials have high transmittances at the wavelength of interest

A (i.e., 0.500um), but by themselves cannot accomplish the reflectance
‘:.qg‘:: requirement. These materials have been prepared with indices of
e refraction which allow for production of zero reflectance coatings.

W

Since quarter-wave designs which produce zero reflectance are not
possible, general solutions to the two- and three-layer cases must be

N5

;‘«ﬁ{; used. These solutions allow flexibility in the choices of layer thick-
sithy nesses, which is very desirable from the standpoints of absorption in
‘;-:;: the layers and film preparation.

a‘b‘:'

P Absorption in the layers is a problem which normally must be
et accounted for when designing multilayer systems, but the design tech-
i niques utilized in this study do not include this factor. Thus, an
.?};:: indirect approach should be used such as optimizing the solution

through manipulations of layer thicknesses (Reference 2).

Wiy TWO-LAYER DESIGN

}eﬁk As discussed by Cox and Hass (Reference 1), for zero reflectance,
:g when the multilayer consists of two layers whose thicknesses are not
A related by integral multiples of each other, one obtains:

)

e tang; = < Pr=ra3+ro(l-riria) (1)
K tan¢, r1-r3-r2(I-r73)

\1‘.

L

OO and tang tang, = M&gﬁhﬁ} , (2)
(¥ ritr3-rali+rr;

: :;.

ay

] Znnj'lj

g - -

:3:52 where ¢y = A = 23,

SN

et

" nj_,-nj

td = ==l

:,'}" and rj nj_,*nj *

W'

l.::.

&

"; Note that ngy is the index of refraction of the jth layer, 1j is its
o thickness, and A is the design wavelength.
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Equations (1) and (2) may be written in the form:

il 2 2 1

:ﬁ; X, =1 tan-! [£( n “(ng-nq)(nz"-ngn3) /2] + (3)
b! . n (n12n3-n22n0)(n0n3-n12) 2

{

v . 2 - -n.2 1

« and Xp = L tan-! [¢(-T2Z(Naznod(ngna-ny %) 4oy, M (4)
kX 2n (n,2n3-n32ng) (ny2-ngn3) 2

a

“ Where ml = 0, tl, t2, s ee

a:

3

(; and m, =0, 1, £2, ... .

3

i

}ﬁ Thus, one may obtain a series of X;'s and X,'s and hence a series

of physical thicknesses, 1,'s and 1,'s. Note that equations (3) and
(4) imply four possible pairs of solutions for each m; and m, set,

Y. but in actuality only two of these pairs will satisfy equations (1)
5 and (2).

By

g! Applying equations (3) and (4) to the present case of interest,

where ng=1.00, n;=1.60, n,=2.00, n3=1.46 (these are the incident
medium, outer aluminum oxide layer, inner aluminum nitride layer,

¥ and fused quartz substrate 1indices of refraction, respectively),
’%« and A=0.500um, a zero reflectance choice of thicknesses is then
iy given by 1;=0.0631ym and 1,=0.0832um. This configuration is shown
A in Figure 1. From this information, and assuming no absorption in
L the layers, normal light incidence, and constant indices of refraction
', for the wavelength region 0.3 to 0.9um, the transmission spectrum has
§§ been determined using a program developed by Loomis (Reference 37).

k1

}ﬁ This spectrum is shown in Figure 2 as a function of wavelength.
o As can be seen, there is 100% transmission at 0.500um and a bandwidth
» of approximately 0.06um with a reflectance loss of 0.5% or 1less.
e The normalized electric field intensity as a function of depth into
R the layers 1is shown in Figure 3 and was determined by Elson
e (Reference 38). It is apparent that the electric field minimum occurs
R in the thicker aluminum nitride layer. This is advantageous from the
:p standpoint that the aluminum nitride layer is the more absorbing
o material as shown by preliminary absorption measurements.
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THREE-LAYER DESIGN

Based upon the works of Baer and Mouchart (References 2 and 3,
respectively), an analytic solution for a general three-layer
antireflective coating has been utilized. According to Baer, Smith's
theorem may be used when determining what conditions must be applied to
obtain zero refiectance. These conditions indicate that both the real
and 1imaginary components of the Fresnel coefficients must vanish.
Then, as discussed by Baer, one obtains:

ra%4r 2= rp [ 201420 2 my

1
X =i— = +—’ (5
! 4x COS 2ryr (rp] 2-1) 2 )

and X2 ='%"(5a+6b) +'§2’ (6)

where Ta = r+::r1e:xé-fﬂ§ 1) ’ (7)

T ®

and Xj = Ei;i ’ (9)
m, = 0,%1,42, .

vi-
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Note that & and 6, refer to the phases of r; and ry
respectively and that the Xj and rj are as defined earlier.
Hence, for a choice of X3, and given the indices of refraction of
the layers, one may obtain a series of solutions. Note that there
are two series of solutions for each Xj.

A computer program in the language of Fortran has been written
which calculates and then plots the solutions of X; and X, as
functions of X3 given the indices of refraction and design wavelength.
A listing of this program may be found in the Appendix.

Figure 4a shows a plot of X; and X, as functions of X3
for 1=0.500um, ng¢=1.00, n;=2.00, ny,=1.60, n3=2.00, and n,=1.46.
Figure 4b shows a similar plot with A=0.500um, ny=1.00, n,=2.00,
n,=1.60, n3=2.00, and n,=1.44. These indices of refraction correspond
to the incident medium, aluminum nitride layer, aluminwmn oxide 1layer,
aluminum nitride layer, and fused quartz substrate (Figure 4a) or
calcium fluoride substrate (Figure 4b), respectively. Note that
the solid curves correspond to the first solution and the dashed
to the second.

A particular solution from the results shown in Figure 4a is
X3=0.250, X;=0.447, and X,=0.326. Hence, 1,=0.112um, 1,=0.102um,
and 13=0.625um. This configuration is shown in #1gure 5.

As in the two-layer case, a plot of the transmission spectrum
as a function of wavelength is shown in Figure 6 (for the particular
solution discussed above). Again, there is 100% transmission at
0.500um as expected, but the bandwidth at a reflectance loss of 0.5%
is reduced to approximately 0.02um. Hence, from the standpoint
of bandwidth, this design is not as desirable., The normalized electric
field intensity is shown in Figure 7. 1In this case, the electric field
minimum again occurs in one of the aluminum nitride layers, with the
maximum occurring in the aluminum oxide 1layer. Thus, as in the
two-layer case, the design appears to be a favorable choice from the
standpoint of absorption.

Mﬁﬂm&% RQQ‘§ S ﬁ:’ ,; ; 2;-. :;} ‘”$:&. 4}(‘;}1 '(A_'(.a_ 5_‘ .15:. q\-.{'f:{.\:{:{;:l{-};{, . ’5'.5.‘!;.'?{ 1L ) \ i ,\l < 1)\ )(\{Ik‘kﬁ
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S SAMPLE PREPARATION

I Several single-layer samples and one three-layer sample were
: deposited onto substrates of fused quartz, calcium fluoride, or
Q. silicon. Substrate diameters were 1 inch and thicknesses were
1 0.063 inch, 0.058 inch, and 0.023 inch, respectively. Very thin layers
o of Ag/Cr/Mo, Au/Cr/Mo, or Au/Cr were deposited onto some of the
substrates prior to AIN or Al,03; deposition for the purpose of aiding
in eliminating charging problems during analysis. Tables 1 and 2
contain 1lists of the specimens prepared along with any pertinent
. information relating to their depositions for depositions 1in the
4 dc magnetron and rf diode sputtering systems, respectively.
W\ Approximate deposition temperatures for the two systems were 160°C
r and 300°C, respectively. Note that samples on Si or on aiding layers

were used as witnesses. Sample M-177 of A1,03, prepared in the ion

beam sputtering system, was deposited on aiding layers of Au/Cr with

a substrate of Si. The approximate gas pressure was 1.5 x 10~* torr
L of Ar, deposition was at room temperature, and the estimated film
B/ thickness was 2800A. Table 3 contains information regarding the
purities of the materials used (for the various depositions) and
their suppliers.

] Most of the samples were deposited using a dc magnetron sputtering
V; system with a 5-inch Varian sputter gun (samples listed with a "T’
b before their numbers; see Table 1). Some samples were prepared in a

Randex model 2400 rf diode sputtering system (samples with an "S"
before their numbers; see Table 2). One sample was prepared by
ion beam deposition using an Ion Technology, Inc., 2.5mm dion gun
(as indicated by an "M" before the sample number above).
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' 3 TABLE 1. Information on Samples Prepared in dc Magnetron System.
N Approxiuiat;e“~ Est:.i.n;ated
f,,.\,' Sample Film Aiding Gas Pressure Film Thickness
f;:’:v Number | Material Layers (torr) Substrate (x)
i N B
:‘.3:: T-261S AIN - 3 x 10-3N, | Fused Quartz 2030
- T-265S AIN - 1.5 x 10-3\, Si 2000
:“:‘ZE\E 1.5 x 10-3ar

e‘l‘ ‘

g T-2665 AIN Ag/Cr/Mo 3 x 10-3N, | Fused Quartz 2000
0 T-2685 AN Ag/Cr/Mo 1.5 x 10-3N, | Fused Quartz 2000
1.5 x 10-3Ar

W

00, 1-2705 A1,0, - 3 x 10-*0, | Fused Quartz 2000
s 2.7 x 10-3\

Zi::,t; 2

K]

hitd T-2765 AN - 1.5 x 10-3\, CaF, 2000
o 1.5 x 10-3ar

46 T-2815 | AN - 3 x 10-3N, CaF, 4000
§,,, T-289S |(a) AIN (a) 3 x 10-3N, | Fused Quartz | (a) 1120
2 (outer)

gl

R0k (b) A1,0 - (b) 3 x 10-*0, (b) 1020
;3:.:;:. (middle) 2.7 x 10-3N;

rop

i (c) AIN (c) 3 x 10-3y, () 625
Lv’* (1nside)

e

3 :& T-290S AIN Ag/Cr/Mo 3 x 103N, | Fused Quartz 2000
a : T-290S AIN Au/Cr/Mo 3 x 10"3N2 Fused Quartz 2000
Wa T-297S AN Au/Cr 3 x 10-3y, Si 2800
1‘:0‘;, J - [, — [ S - ——
e
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TABLE 2. Information on Samples Prepared in rf Diode System.

)
&jﬁ« —— - — - e e e ] R s U DU

Sample —E%]m -Approximate Gas Pressure Film Thickness
‘ Number|Material (torr) Substrate (R)

R e IS S -

. S-826 | Al,0
Y 23

x 10~*0, Fused Quartz 2100
x 10-3N,

B
oy
~J

s-827 | AIN x 10-3N, Fused Quartz 7000
X 10'3Ar

)
{)
ﬁ& $-833 | A1,0, 10-*0, Fused Quartz 2100

x 10-3Ar

25
~J
L ]

] 5-834 | AIN x 10-3N, Fused Quartz 7000

x 10-3ar

]

X S-835 | AIN x 10-*N, Fused Quartz 7000
x 10-3Ar

— - - ——— - -— - - — -

. .
N 0O AN N AN ~N O
b4

) TABLE 3. Purities of Materials Used in Sample Depositions.

e —_

——— i - - ——— . — e e - e > > — ———— > —— - ——— > -

Material Purity (%) Source

KT ———— = = —— > b e e e - - ——— -——— -

¥ Al 99.999 Specialty Metals Division of Varian
‘5} A1,04 Unknown Microelectronics Branch, NAVWPNCEN

j%% Au 99.999 American Smelting Company

n Mo 99.999 American Smelting Company

,@i ' Cr - 99.996 Specialty Metals Division of Varian

) e e > e = A - — = —— — - - = - - - - = m— - - -
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The three-layer sample was prepared according to the 0.500u,m design
discussed previously (particular solution). Indices were assumed to be
BN 2.00 and 1.60 for AIN and A1,03, respectively, and the materials were
deposited until the necessary thicknesses had been obtained. Although

L4
-.‘_:fgf the indices of refraction have not been accurately determined in this
e study, many researchers have previously determined them to range from
Y 1.70-2.15 for AIN and 1.42-1.79 for A1,0; (References 5, 6, 16, 23, 25,
Y 26, 28, 29, 30, 35, and 36), implying that the assumed values are
! realistic. Furthermore, recent laboratory studies indicate that the
f}::} assumed indices are more likely. {
.;_b;::
e A transmission spectrum of the three-layer sample coating over the
wavelength region of 0.3 to 0.9um was measured using a Beckman DU-7
o UV/VIS spectrophotometer. This spectrum is shown in Figure 8.
;’.:';:I In comparison to the theoretical spectrum shown in Figure 6, it is
ki‘.{t: apparent that the two are similar in curve shape, but some additional
oyt tuning is necessary in the experimental sample preparation to more
i closely approximate the theoretical curve. The experimental maximum in
re transmission of 98.8% occurred at 0.553um. By the use of a program
s written by Loomis (Reference 37), variations in the thicknesses and
; indices of the layers were made to attempt to determine what changes
{g. would cause a calculated transmission spectrum to approach the
Z:.:" appearance of the experimental spectrum. It was found that the
R differences between the two spectra is a combination of a need to

determine the actual film indices and to measure more accurately the
deposition rates of the materials. At this time, efforts are being
made to accomplish these tasks.
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) FIGURE 8. Experimental Transmittance of Three-layer Design with Fused Quartz as Substrate.

oA ; iy % ”

[ e o e XM WY M) Sty AT AT T T
‘u?’\"‘)‘h"‘l‘«‘cl.i‘v“.' “}fi'ﬁ’l‘ﬂh.‘..’la', .ﬁ\.)?).t, .l. .'I s '?‘ ‘I L ] 3,3, 0T AN . ¥ Y »‘lc"‘"l'l!‘ JJ'( “ ]



NWC TP 6651

FILM STRUCTURE

Study of the structures of both single and multilayer films were
made using a scanning electron microscope. The films were coated with
thin layers of Au (approximately 1504) to avoid charging problems.

Shown in Figures 9a and 9b are typical top and cross-sectional
views of an AIN single layer. This film was sample number T-297S
prepared in the dc magnetron system. Figures 10a and 10b show top
and cross-sectional views of an Al1,0; single layer prepared in the
ion beam system (sample M-177). Figures 1lla and 11b show top and
cross-sectional views of the AIN/A1,0;/AIN multilayer (sample T-289S)
prepared in the dc magnetron system. In the last case, the three
layers can be distinguished.

Many defects are apparent on the surface of the AIN single and
multilayer films. It is not known at this time whether the defects are
growth defects of a nodular type or whether they are bubbles or splat-
ters on the surfaces only. These defects are typically on the order of
5-10um in diameter. The Al1203 specimen is of a much finer surface
structure, although smaller defects (approximately lum in diameter) are
apparent on it also. Figures 12a through 12c show magnified views of
the AIN, A1203, and multilayer defects, respectively.

The cross sections or side views of the AIN layers display columnar
growth type structures., It has been determined by transmission elec-
tron diffraction that these films are polycrystalline. The side views
of the A1,0; layers show much smoother textures, with no columnar
growth structures apparent at the magnifications achieved in these
experiments. A pattern was not obtained from the diffraction studies
for the A1,03, and hence it is probably amorphous. Note that the Al1,0;
single layer and multilayer specimens were prepared in different
sputtering systems, but the texture of the A1,0;3 still remains similar
in the two cases.

From electron spectroscopy for chemical analysis (ESCA) studies,
AIN materials have been determined to be 95% stoichiometric with the
remainder consisting mostly of A1,03. A1,0; films have been shown to
be 99% stoichiometric.

16

D)

Cr O

, OO t \ Aol " ASKINTND AL LR LAY HAQRURESEF i T CRY
il "ﬁw‘\‘.’.;z. ‘5";‘}" i\“.'\‘.“'n‘..&"t“,‘ .‘-“‘uﬂ '\“aﬁ‘.ﬂv v",'.!","i."‘li. !"?"‘-i G EET Yy "“‘m' [ W ) .?'-“\ o I N

RN AN



-

e~ y
PR

”

-

R

T

< e »

NWC TP 6651

& — » >
< >

> €
10,

Tu

FIGURE 9. Tonograpm(! t)wf AIN Single Layer. FIGURE 9. Cross Section of AIN Single Layer.
a {b)
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e

FIGURE 10. Topography of Al1,0, Single Layer. FIGURE 10. Cross Secti?n of A1,0; Single Layer.
{a} b,

Co [
FIGURE 11. Topography of AIN/A1,0,/AIN Multilayer. FIGURE 11. Cross Section of)AlN/A\203/A1N Multilayer.
(a) (b
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10u

FIGURE 12. Enlargened Top Vi?w)of AIN Single Layer Defect.
a

>

T

FIGURE 12. Enlargened Top Vi?w)of Al1,0; Single Layer Defect.
b

& -
>

FIGURE 12. Enlargened Top View o{ ?]N/A]ZOJ/A]N Multilayer Defect.
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RESULTS

%

T'LJ}'% Results have been obtained on sample behavior following exposure to
) laser radiation, fluorine, electron beam irradiation, and humidity.
BN The samples studied were discussed earlier, and will be referred to by

K their designated sample numbers. Not all samples given earlier will be
;925_ discussed since some were only used for obtaining preliminary spectral

xi:: . information and since experimental difficulties were encountered during

;::\s analysis with others which were associated with film quality and

hhE charging problems.

Mg

By LASER RADIATION

é.g’

-?,-:3{' The effects of laser radiation on the multilayer sample were

e studied with a Phi 600 scanning Auger microscopy system (after
'3 damage). The sample surface was cleaned during analysis by sputtering
ey with Ar ions using an accelerating voltage of 4kV. For Si0,, an

Q& approximate removal rate has been determined to be 40A/min.

Ty

a{:" A pulsed dye laser in a triaxial configuration was utilized for
ff‘é‘: damaging the film at a wavelength of 0.497um. The first step in the
. laser damage study was to scratch crosshairs onto the film on opposite

. sides of its center along a sample diagonal. These crosshairs were

ﬁ;‘ then used as index marks for locating five equally spaced sites between

o them, Each site was then irradiated in air with a few laser pulses of

g‘x‘ increasing energy density. The pulse shape was a lmm diameter flat top

A (+ 5% flatness) with a duration of 0.55pus. Film breakdown thresholds

j)’ were roughly determined by observing the beginning of film changes with
" a video microscopy system (VIMS). Note that no attempts were made in

) this study to determine actual damage thresholds of the materials.

;::." The main purpose of this study was to determine the behavior of the

,:.‘. film after exposure to laser radiation.

KXY

(" Table 4 1ists the energy density of each shot for the five sites.

Xy Shown in Figures 13a through 13e are portions of the centers of each of

N the five sites. These figures in comparison to a typical undamaged

\ ‘ site (such as that in Figure 11la) show an increasing number of damage

:’1 craters with respect to defects for an increasing energy density.

e Site 1 shows mostly defects plus some small damage craters. Sites 2

= and 3 show more and larger damage craters with a reduced number of

f" apparent defects. Site 4 shows the beginning of damage crater
h agglomeration, and Site 5 shows many small pit marks which appear to

: 3 lay at the centers of what were originally damage craters (the pits are

'H at the centers of circular patterns which resemble agglomerated

’.:.4' craters). In addition, for Site 5, it is apparent that there is a loss
" of much of the outer film.
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: ; FIGURE 13. Damage Site 2 Showing More and Larger
FIGURE 13. Damage Site 1 Showing Small
‘\; Damage Craters Amongst Defects. Damage Craters Amongs?b[))efects {than site 1).

1
100, 00

e FIGURE 13. Damage Site 3 Showing a Reduced Number of FIGURE 13. Damage Site 4 Showing
[ Apparent Defects and More Damage Craters (than Site 2). Agg’lon\eration(o{ Damage Craters.
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FIGURE 13. Damage Site 5 Showing Small Pitmarks and Loss of Much of Quter Film.
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TABLE 4. Laser Energy Densities for the Five Damage Sites.

o Energy Density (3/cm?)

" 3 -~ _— e e e e = e = me
o Site ] | Site2 | Site3 | Site4 | Sites
——— - e il ot
) 1st pulse 3.2 9.2 12. 20. 50.

2nd pulse 5.9 9.2 - - -

1~ 3rd pulse 9.4 - - - -

‘i"'.' . - ——— - - - — - e .- - —————— e -

The approximate number of defects for typical portions of the film

i where no damage was done is 70 (see the sampling area of Figure lla for
At an example). For Sites 1 and 2, the number of damage craters plus
,¢ & defects which did not damage are approximately 60 and 70 (in the same
:%1 size sampling area), respectively. These are similar to that of the
W undamaged site, which implies that damage is initiating at defects.
® For Sites 3 through 5, the number of craters plus undamaged defects is
@qn large in comparison to the number of defects on the undamaged site,
Y increasing in number with increasing energy density (assuming the pit
ﬁ: marks of Site 5 are indeed the centers of what were originally damage
,k v craters), although few apparent defects remain on the sites. These
W results support damage initiating at the defect sites, with some other
possible mode(s) of damage (e.g., caused by non-observable defects)
b also contributing to the cratering.
LR
h“; Auger spectra were obtained for some of the damage sites. Thin
'%A layers of gold were deposited on the films prior to the study and then
&;ﬁ removed by Ar ion sputtering (as discussed earlier) just until Auger
) peaks corresponding to the underlying film were obtained. Figures 14a
R and 14b show spectra obtained at Site 2. Figure 14a illustrates a
B portion of the damage site which appeared to be unaffected by the laser
QQQ radiation (herein referred to as smooth film) and Figure 14b was taken
?}? within a damage crater. It is apparent that the smooth film consists
RigN mostly of AIN and the crater site consists of AIN plus A1,0;. Similar
_ spectra were obtained for some of the other sites, where the spectra
T from the craters always showed an increase in Al,0; with respect to
1 AIN. In addition, when comparing damage sites, it is apparent that the
Wb amount of Al,03 with respect to AIN increased with increasing energy
;§~ density. Figure 15 shows the spectrum obtained on a smooth portion of
R the film at Site 4. A possible explanation for the growth of the oxide
. peak is the dissociation of some of the surface AIN, and then combina-
N tion of the Al with oxygen to form A1,0; (recall that these studies
ﬁn were performed in air). Thus, the amount of oxidation of AIN would
}wﬁa increase with energy density. In addition, the larger oxide peaks in
aﬁq the craters may be explained by assuming that these are positions on
'qﬁr the film where the energy was absorbed more, or not conducted away as
[ P quickly, hence resulting in temperature buildup and more oxidation.
R = W 21
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FLUORINE EXPOSURE

Single layer samples T-297S and M-177 of AIN and Al,03,
respectively, were exposed to 10%2 HF in Ar for 1 hour, and were then
examined for fluorine penetration.

EDX was initially used to detect the fluorine. Since this
technique examines the constituents of the materials to a much greater
depth (on the order of a micron) than a technique such as AES, any
severe fluorine penetration should be detected. Fluorine was not
detected in either the AIN or A1,03. Hence, either the fluorine had
not penetrated the material to a very great depth, or the fluorine
concentration was low (low atomic number materials have low X-ray
intensities due to low fluorescence yield and high sample absorption;
see Reference 39).

AES and XPS were then used to analyze the film makeup since the
results of the EDX had indicated no great depth penetration of the
fluorine in either film. With these techniques, fluorine was
observed. Figures 16a and 16b display AES profiles of the AIN and
A1,0; films, respectively. Note that the AES system used in this case
is a Physical Electronics 548 Auger/ESCA system, which employed a
1kV beam of Ar ions for sputter removal. For Si0,, a removal rate of
15A/min. 1is typical. Assuming this rate for AIN and A1,0; yields
approximate depth penetrations of 30-45A for both films, although the
fluorine appears to drop off (with depth) at a slightly higher rate in
the A1,03 film,

ELECTRON BEAM IRRADIATION

During surface studies such as SEM and SAM, physical changes of the
AIN and Al1,03 films were observed. Dark spots indicating changes in
electron yields were observed at positions on the films where the
electron beams were concentrated. At this time it is uncertain whether
these changes were temporary (i.e., caused by contaminants being
deposited on or removed from the film surfaces) or permanent. It is
important to note that, as discussed earlier, it was necessary to coat
the films with thin layers of a conducting material such as Au to avoid
charging problems.

HUMIDITY

Single layer samples T-297S and M-177 of AIN and A1,0,,
respectively (several sister samples were produced, resulting in the
availability of a "fresh" sample for each study), were exposed to 95%
relative humidity at 60°C for 24 hours. With the use of a Nomarski
microscope, no change in the A1,0, sample was observed although the AIN
showed signs of degradation.

24
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REMOVAL RATE =~ 15A/MIN
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. FIGURE 16. AES Profile of AIN ?1 ;\gle Layer Exposed to Fluorine.
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FIGURE 16. AES Profile of Mzo,(g: ngle Layer Exposed to Fluorine.
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CONCLUSIONS

The theoretical aspects of the AIN/A1,0; multilayer designs indi-
cate that perhaps the two-layer case may be more useful because of its
bandwidth. At a reflectance loss of 0.5%, it has a bandwidth three
times the size of that of the three-layer design. Although is has not

ﬁ been discussed in this study, simple calculations show that a two-layer

fﬁ quarter wave design is possible with a low reflectance (less than

4 0.005). This may be a more practical design. In this study, a film

“ corresponding to the three-layer design was prepared and transmission

A results indicated a need to determine more accurately the indices of
refraction and deposition rates of the materials.

LN

2 Film structure studies indicate that defects are apparent on both

o the AIN, A1,03, and AIN/A1,03/AIN multilayer samples. The defects on

i the A1,03; appear to be smaller (approximately lun in diameter as com-

33 nared with 5-10um for the AIN single and multilayer films). The growth
structure of the AIN is columnar, whereas that of the Al1,0; is much

;S smoother (no structure is observed at the SEM magnifications used in

X this study).

N

N

fﬁ Laser damage studies indicate that multilayer damage initiates pre-

Iy dominately at defect sites. In addition, SAM studies indicate that the
AIN outer layer of the multilayer oxidizes upon exposure to laser radi-

" ation in air. The amount of oxidation increases with increasing laser

ﬁ: energy density and is also greater within damage craters than on por-

&‘ tions of the film which appear to be unaffected by the laser radiation.

!

&: Fluorine exposure studies show depth penetrations of approximately

30-454 (assuming the same sputter removal rate of AIN and Al1,0; as
Si0,) in both films with the fluorine dropping off with depth at a
slightly higher rate in the A1,03;.

;-.

4

N

'k Surface analysis techniques such as SEM and SAM indicate a

;ﬁ sensitivity of the films to the electron beams. It is not certain

£ whether the film changes after electron beam exposure are permanent.
After exposure to humidity, an A1,03 single-layer film underwent no

o observable change, although a AIN single-layer film exposed to the same

k; condition degraded.

. Most imnortantly, it is apparent that the use of an AIN/A1,03
[+ multilayer in the environments described above dictates that Al,03
§§j should be the outer material.

i;: Nverall, both films appear to be durable and relatively easy to
o

prepare as a miltilayer system., These studies are continuing and clean
room techniques are being applied to achieve films with fewer defects.
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APPENDIX

M 1]
l?"\g‘.

5 4
:?;g COMPUTER PROGRAM ANTIREF FOR CALCULATING
;:{:2! THREE-LAYER ANTIREFLECTION COATING SOLUTIONS
EaQ
gk
\ \ )
% The following program calculates the thickness solutions for zero
gagg. reflectance from a three-layer thin film system (based upon the work of
R Baer; reference 2).

il
B

:‘ifi
B A
AT
o
(’;.,:;!
\‘:,“.
LY c ANTIREE,FOR
;‘_‘wa 4

\ C

.‘ c LESLIE G. KIShIGGE
e H
ol :
_;i'.& c APRTL 9, 1984
» » c
: z 4
.% ¥ C THIS PRCGRAF CALCULATES THE THICKNESS SCLUTIONS FOR IERC

T 4 REFLECTANCE FRO® A THREE LAYSR THMIN FILP SYSTEM BASED UPON

C THE WORF DOF A.D. BAER (REPQORY ON MULTILAYER FILM® PROGRAM FOR

‘1: 4 JULYy 1576 = SEPT.e 1977; NAVAL WEAPCNS CENTER, CHINA LAKE,
ﬁ% c CALIFCANTIA). THE FILVF IS ASSUMEL YO BE LOSSLESS AND CERTAIN
%Ha c INPUT PARAMETERS ARE REQUIRED (WAVELENGTH OF RADIATION AND
cghA [4 INDICES OF REFRACTICON):

:‘;‘o <

a3 c

fHQ c THE OPTICAL THICKNESSES FOR LAYERS ONE AND TWC COUTER AND

) 4 FICCLE LAYERS, RESPECTIVELY) ARE PLOTTEC AGAINST THAT FOR THE
e 4 THIRD LAYER (ON SUBSTRATE)., THUS, THE USER MAY CHODSE A

gaf C CESIRASLE THIRD LAYER THICKNESS AND READ OFF THME THICKNESSES
@& : 4 NECESSAPY FCR THE QTHER LAYERS. NODTE TMAT THERE ARE Tu0

QW 1 [4 SOLUTICAS FCR THE FIRST AND SECOND LAYER THICKNESSES FDR
#1$ [ EVERY THIRD LAYZR THICKNZSS (WHERE A SCLUTION IS POSSIBLE).
;‘ C THESE SOLUTIONS ARE DISTINGUISHET BY SOLID AND DASHED LINES.
y““ C ALSC NZTE THAY SOLUTIONS EXIST FOR EVERY MULTIPLE OF A HALF-
“.:‘ ¢ WAVE FOR THE COTICAL THICKNESSES.

C

S c
»yﬁ: (4 THZ PHYSICAL THICKNESSES ARE NOT CALCULATED IN THIS PROGRAM,
5ol [4 ALTHOUGH THEY MAY BE DETERMINED FROM:

i ¢ TI = (XIXWVLGTHI/NI,
554 4 WHZRE TI PENDTZS THE THICKNESS OF LAYER I, XI DENOTES THE

A% [ OPTICAL THICKNESS CF LAYER I, WVLGTH DENOTES THE WAVELENGTH
z“% [4 OF THE INCICENY RADIATCN, AND NI DENOTES THE INDEX OF REFRAC~

) c TICN DT LAYER 1.
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c
c CESINITCN OF PARAMETERS:

. c WVLGTH = WAVELENSTH JF IMPINGENT RACIATION (FREE SPACE),
Vel 4 MICRONS,

) C NG = INCEX OF RESRICTISN CF ATYOSPHERE,

N c N1 = INCSX OF RE=RACTICN OF LAYER 1,
tag < N2 = INCEX Cf RE=RACTISA OF LAYER 2,

e c N3 = INDEY 0F RESRACTIIN D LAVER 3,

" < K4 = INDIX CF REZRACTION OF SUSSTRATE,

O c %10 = ERESNEL CCEF=ICISNT 3ETWEEN LAYER 1 AND ATMOSPHERE,

e c ®21 = FRESNFL COSFFICISNT BETWEEN LAYERS 2 AND 1,
el ¢ RZ3 = ERESNEL CCSFEICIZNT SETWEEN LAYERS 2 AND 3,
Wiy c #24¢ = FRESNEL COSFFICIENT BETWEEN LAYERS 3 AND 4,
ey c R4 = FPESNEL COESFICIENT EASED ON SWITH®S TWEOREM,
Yy c RE = FRESNEL COESFICIENT BASED ON SMITH®S THZCREM,
i ¢ REMBG = MAGNITUDE OF RS,

i 4 CELPA = PHASS °F Ra (SOLIT SILUTIOND,

v C OSLNE = PHASE OF RA (DASHED SOLUTIDN),

c JELE = PHASE CF RS,

" < KT = VALUES OF TME THIRL LAYSR THICKNESS FOR WHICH
g% ¢ CHECKS DN THE EXISTANCE OF SOLUTIONS ARE MADE,
¢%5 c X1P0S = LAYER 1 OPTICAL THICKNESS (SOLID SOLUTIOND,
el 4 KINES = LAVEX 1 OPTICAL THICKNESS CCASHED SCLUTION),
R c X2P0S = LAYER 2 OPTICAL THICKNISS (SOLID SOLUTIOND,
a%q ¢ X2NES = LAYTR 2 OPTICAL THICKNESS C(DASWED SCLUTION),
i) c X3 = LAYZR 2 CPTICAL THILKNESS,

) 4
N c
ol DIMENSICN X3(500),X1°CSC500)+XINEGCS00),X2POSC500)

KRN SIMINSICN X2NEGC509)

KX REAL®S NYsK1,N24N3 NG

*‘é CHARACTER%S0 HEADL

- . c

¥,

'$§¢ c READ IN IN®UT PARAMETEPS. THE WAVELENSTH CMICRCNS) AND INDICES
c OF REZFRACTICN SMOULG BE STOREL IN TME FILE “INDEX.DAT® PRIOR TO

- c EXECUTION,
gt c
Ja JPENCUNIT=1CoFILZ="ANTIRES LAY JACCESS="SEQUENTIAL
7?, ® FORM="EDRMATTEL "o STATUS= “NEwW”)
ey, TPIN(UNIT=11,FIL5= "INDEX-DAT,4CCESS="SEQUINTIAL®,

o * ELRM="FOPMETTED *, STATUS="DLD")
Y <

e Rinivil 11

) 2EAC{11410) WVLGTH
g 10 FOIMAT(F3.2)
ratt FEADC11,420) NC
heet REZ2(11,20) N2
oy REAS(11,20) N2
b REALC11,2C) N3
N XELDC11420) Né
oy 20 FO2FAT(Fs.4)

= c
;, ¢ CALCJLATION CF FRESAEL COEFFICIENTS AT THE VARICUS INTERFACES.

: t

LA D
§§. F10=(N1-NO)/(N14NC)
A R21=(N2-N1Y7(N24NL)
1 7232 (K2=N7)/(%2eN2)
N, R262INI-NGI/ (N T4%4)
'(‘:’ C

- P123.1641552€735
- A
"

u;q:
A

1""
.ol
\‘_5‘;’

#y
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"
; 4 CALCULATION OF THF SSLUTIONS (OR OF THE X1 AND X2 VALUES)
[4 FOR EaCk X3 vALUST,
() ¢
9' J=1
"! REIR
o 30 &) I=1,381
;' REMB:=(SIPT((F?73eR23e2282365(CI5(4.2PI8XT)I¢RI4HCOSCo RFPILNT)
‘o’ SOR2IFKILES2) 6120248828 SIN(L.EPIXT)I)IES28(R238%2-1,)%%2))/
HH c B(1.0. . tR2IBR24 0TS (Q P TRXT)4P235£28036082)
) ) EUNCT(R21T200R]10r#2-2EVATRE28(1.4P215%20P1082%2))/(2.%R21%R10%
in S (RoVLGE22-1,))
v‘ |4
‘e 4 JETERMINATICN 9% WHMETHIR & SOLUTICN EXISTS FOR THE PRESENT XT
y N C VALUZ. IF T«f2€ I5 NC SCLUTIGN, THEN XY IS INCREMENTED UP @Y
f 4 0.001.
“O c
¢ IFCABSCFUNC).GT.1,) THEA
60 TC 3¢
. ENC IF
B ¢
@ 4 & SCLUTIOM EXISTS SO X3 IS SET EQUAL TO XT, AND THE X1 AND X2
R C VALUSS ARE CALCULATE",
) C
3; X3CJ)=xY
5 X1PC3CJ)=(1.7C4.8P1) )84l ISCFUNC)
(‘ XINESCII=-X1PCSCI)
(4
. 4 CEVERMINES THE CUADRENY THAT PHMASE ANGLE DELPA IS IN.
. c
{! DELNUP=(-R10%5TN(4.oPI#X1PDSCJ)))#(1.-R218¢2)
i DELCEN=R214P2128282108(C0SC4.3P aX1POSCI)))2R10
1% #4COSC4.0PIEX1PISCI)I*P2ISRI0 S
" IFCDELDENLEC.0.) GO YO 900
v DELPA=ATANCABSCCELNLM/OELDEN))
IF(CELNUY.GT.0.) THEN
- IF(DELDEN.CT.0.) G TC 2020
5‘ END IF
! IFCCSLNUMLGY.0.) THEN
; IFCOELLENLLYLC.) GC YC 1000
3 END IF
IFCCELNUPM.LY.0.) THEN
K IFCCELCEN.LT.0.) 50 YT 1100
ENS IF
IFC(DELNUM.LY.0.) THEN
l; IFCCELDEN.GT.0.) 6D TC 1200
) END IF
:, IFCCELNUM.EC.0.) THEN
o IF(DELDEN.GT.D.) GO YO 220¢
i ELSE
X IECIELDENLLT.0.) GO TO 1400
B NS IF
i 900 IEC(CELDENLEC.0.) THEN
+ IF(DELNUM.GT.0.) GO TC 1500
,{ ELSE ,
5y IFCCELNUMLLTL.C.) GC TC 1400
i END IF
n 1009 DELFR=PI-Dz 5%
iy GS T2 2000
i 1200 CELPAsPIeLELPA
) C T3 2070
b 1200 DELPA=2,%0I-0ELPA
+ G0 TG 2030
o 1300 DELPA=O.
" G0 T2 200¢C
‘e 1400 DELPA=P]
W SC T35 2000
) 1500 DtLFa=PI/2.
I GC T2 2000
- 1600 CELP2=C?.421)/2,
3
- ¥
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A
i .
< SETISVIMEIS Twe CUADRENT THST PrASE ANGLE DELE IS IN.
R} o
iy 2000 JELNUP=(-0342SINCL.EDI2X3(J)II=(1.~R2I%42)
35 ::..-n (P234C226724RP6n(C0SC6osPIEX3(I)))¢RI4%COS(4. P IS
;"‘ X3(JII+R2I%RIbns2)
K) IFCDELDEN.EC.CL) GS TP 2900
3¢ DELB=ATANCARSCIELNU¥/LELDEN))
L SFCDZLNLY.6T.0.) THEN
C ISC2ELCEN,GT.0.) GC TS 4000 .
e IND IF
K IFCLZLNUM.3T.0.) THEN
AQ IFCDELOEN.LT.0.) GZ TO 3000
‘?.. NI IE )
"y IFCCELNLY.LT.0.) THEN
K IECJELDEN.LT.0.) GO TC 2100
"id NI 1€
IFLLILNUMALT.0.) THEN
IE(DELDEN.GT.1.) GO TO 3200
) END IF
[ TFCTELNLMLEC.D.) THEN
N IFCCSLEEN.GT.0.) 33 TD 3200
) ELSE
3
Wy IFCDELDSN.LT.0.) 5C TD 3400
wh TG
o 2500 IFC(DILDEN.TC.0.) ThEIN
[ I7(0SLNUYL.GTL0.) 30 T2 352¢C
4 cLSt
y IECOELNUMLLT.0.) 5O TC 2600
23 IND IF
: 31000 DELP=PI-2E.8
<. ol TJ 4620
. 3100 LriLE=PIeTELE
¥ GC T2 40050
3205 SELBs2.%71-DELE
SC T2 400G
. 3509 DELE=0.
S: 5L T3 %070
N 2460 LEL3=FI
[+] 6T T: 4COC
. 3500 LELB=PI/2.
'3 5C T3 4000
e 3600 CELE=(3.=PId/2.
) 40C3 X2PCSCJ)=C1./C4.%PI)I&(CELFA+DELR)
N c
X : CETZRMINSS TME QUADRSNT THAT PHASE ANGLE DELNA IS IN.
N C
o SILAUM=(-RIDESINCLZPIXXINECCI)IIE (1 -R21%%2)
i SELTIN=(52142212%23R1C#(C0S (4. #PTI#XINESCI)I ) ¢+RICECOSC4 #PT
1t AXINZSCIII4RI1%R1Du22)

o IFCO-LOENLEC.0.) GT TO 43070

¢ DELNA=ATANC(ERSCOILNLM/2I.0EN))

IFCCELNUMLGTLCL) THEN
IS(DELCINLGTL0.) GC TD &COC

ol END IT
o} IFCCELNUYLGTL0,) THEN
13 I7CCZ.0INGLTL0.) CG5 TC 5000 .
N ENL IF
shey IFCOILNLY.LTLG.) THER
IFCISLCIN.LT.0L.) 56 TC 5100
EN. IF i
108 IFCCEILYLMLLT.0.) THEN
1Y SECOFLEENLGTL0.) B T3 529¢C
1 IND IF
1 IFCCELNUM22C.0.) THEN
iy I5¢IELDIN.6TL0.) 6T TL 5290
o ELSE
e ISCOEL0ENCLTLR.) GC TC 540C
1. ENT IF
o,
‘,?;
b} 34
X9
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4900 IFCUELDEN.TIC.0.) THEN
IFCOELNIM.GTY.0.) GO TO 5500
ELSE
IFCDELNUM.LT.D.) GD TC Sé0C
END IF
5000 DELNA=PI-DELNA

60 TC 6C00
S100 DELNA=PI+DELNA
6L T2 €COV
5200 DELNL=2.%PI-DELNA
GG 12 &0C¢C
$300 DELMA=D.
6T TJ 6000
£400 DELNA=P]
o0 T3 6070
$500 CELNA=Pl/2.
GO T2 6000
5600 DELNA=(2.%PI)/2.
6000 X2NES(JI=C1a/ (e =PI )X(CELNASDEL2)
J=Jel
30 XT=XT+0.00C1
40 CONTINUZ

[4

DS 42 I=z1,J-1

XINEGCI)=XINEG(C(I)+0.5

X2PLSCI)=X2PLS(I)-D.5

42 CONTINUE

C
C THZ JPTICAL THICXNESSES ARE WRITTEN TO THE FILE “ANTIREF.DATY .
[

ARITZC1I0,43IWVLSTH NI NI g N2 N2 GRS
63 FORMATCIX G "WAVELINGTH = "3F5.2,°MICRONS 3/41Xy"ND = “9Fb6.4,/,
*llp.Nl = "FG.‘QIIIX"NZ = '.F6.&.I.1X.‘N3 = '|F6-‘|I'1x.'u‘ = .’
BFb.&y/77)
dRITC(10,45)
45 FORMAT(3IXy"X37,5X, “XIPCS 33Xy “XINEG 53Xy “X2P0S 93Xy "X2NEG*,/)
WRITECLICyS50)CXICI) o XIPSSCIDo XINEGCTI) o X2PISCY ), X2NEG(I) o I=1,J-1)
50 ?C;MAT(lx.ﬁ].k.xx.F1.6,1x,=1.‘,1x,=1.b.1x.F1.‘)

PLZTTING SIZTIIN. (USES DISSPLA GRAPHICS.)

(o X aNal

CALL CCMFRS

CALL FPAGZ(9.5,11.0)

CALL SWISS™

CALL SHCCHE(S0.+1+0.01,1)
CALL RRER2D(S.,5.)

CALL FRAMI

WRITZIS AYIS LR3ELS ANG THE PLOT HEACING.

[aXaXal

CALL RZISET{°*IXALF")
CALL XNAME(C“X3 (()wzvelengths3)$°,100)
CALL YHNAME(C®X? and X2 ((dwevelenaths)s®,100)
CALL MIXALF( L/CGRZIEK®)
WkITZ C(MEASY, A0) WVLGTH
6C FORMAT{*Antire“lectance Co2ting (()°y Fée2y “(MIMIS®)
CALL MEATINCIRIFCHMELDLY, 100, 1.5, 1)

35
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