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WEDNESDAY , December 1 , i97~

WASH INGTON NORTH

9:00 A .M. INTR ODUCTORY REMARKS
B. Bendow and S . S .  Mitra

9:15 A.M. SOLAR ENERGY I
J. J. Loferski , Pr esid er

WA1 Inv ited Paper : OPTICAL PROPERTIES OF SOLIDS REL-
EVANT TO PHOTOTHERNAL SOLAR ENERGY , A. S. Barker ,
Jr., Bell Laboratories.

WA2 SILICON FILMS AS SELECTIVE ABSORBERS FOR SOLAR
ENERGY CONVERSION , D. E. Ackley and J. Tauc ,
Brown University.

WA3 NORMAL SPECTRAL REFLECTANCE AND THE NORMAL
SPECTRAL EMITTANCE OF THE METAL COATED GLASS CER-
AMICS , S. Tanemura and T. Noguchi , Solar Research
Laboratory ,  Nagoya , Japan;  and , K. Hirose , K.
Yamada , and Y. Takenaka, Ishizuka Glass Ltd .

WA4 SELECTIVE ABSORPTION OF TUNGSTEN LAYER FABRICATED
BY C.V.D. METHOD , S. Tanemura and 1. Noguchi ,
Solar Research Laboratory, Nagoya , Japan;  and ,
S. Umezu and T. Yosh iwa, Toho Metal Ltd .

10:55 A .M. SOLAR ENERGY It
D. M. Mattox , Pr esider

WB1 TOTAL HEMISPHERICAL EMISSIV ITIES OF COPPER , ALUM-
INUM , AND SILVER , K. C. Ramanathan , San Ho Yen ,
and Edward Estalote , University of New Orleans.

WB2 INFRARED SPECTRAL EMITTANCE PROFILES OF SPECTRALLY
SELECTIVE SOLAR ABSORBING LAYERS AT ELEVATED TEM-
PERATURES , I). E. Soule and D. W. Smith , Wes tern
Illinois University.

WB3 INFRARE D , HEMISPHERICAL REFLECTOMETER FOR CHARAC-
TERIZING SELECTIVE SURFACES FOR SOLAR THERMAL
ENERGY CONVERSION , Ke i th  D. Masterson , Unive r s i t y
of Arizona.

WB4 STRUCTURAL COMPOSITION AND OPTICAL PROPERTIES OF
GOOD SOLAR BLACKS : GOLD BLACK, P. O’Ne ill , C.
Doland and A. Ignatiev , University of Houston.

1485 OPTICAL COATINGS FOR SOLAR HEATING AND COOLING ,
H. Y. B. Mar , R. E. Peterson , and J. H. Lin ,
Honeywell , Inc.

LUNCH



WEDNESDAY, Decembe r 1, 1976

WASHINGTON NORTH WASHIN(;TON CENIER

2:00 P.M. MEASUREMENT TECHNIQUES I 2:00 P.M. THIN FILMS I
I,. Skolnik , Presider E. Burstein , Presider

WC1 Invited Paper: RECENT ADVANCES IN MEASUREMENT WEt Invited Paper: INFRARED PROPERTIES OF THIN
TECHNIQUES FOR SMALL ABSORPTION COEFFICIENTS , FILMS, F. Ab’ele s, Laboratoire d ’Opti que des
‘~ . Hordv ik , Rome Air Development Center. Solides.

WC2 PHOTOACOUSTIC 5PECTROSCOPY: A MEASUREMENT WE2 RETROREFLECTANCE MEASUREMENTS OF PHOTOMETRIC
TECHNIQUE FOR LOW ABSORPTION COEFFICIENTS , STANDARDS AND COATINGS — II , 14. G. Egan and
H . S. Bennett and R. A. Forman , National Bureau T. Hilgeman , Grumman Aerospace Corporation.
of Standards.

WC3 ANALYSIS OF LASER CALORIMETRIC DATA , H. B. WE3 STUDY OF OPTICAL TRANSITIONS IN DISOR!)ERED
Rosenstock and M. flass, Naval Research labor— THIN FILMS OF IONIC COMPOUNDS AS A FUNCTION
atory, and D. A. Gregory and J. A. Harrington , OF CONDITIONS OF PREPARATION , A. Barri~ re and
University of Alabama . A. Lachter , UniversIte~de Bordeaux.

WC4 NEW THECHNIQU E FOR ~EASURING T’~ INFRAREAI AB— WE4 INFRARED IMPURITY AND FREE—CARRIER ABSORPTION
SORPTION IN THIN FILM T1AT~~uS, James A. IN SILICON-SILVER FILMS, 5. 0. Sari , P.
Harrington , Morris Brau:,stein , and J. Ea~~l Hollingsworth , and H. S. Gurev , University of
Rudislil , Hughes Research Laboratories. Arizona .

3 :40 P.M. MEASUREMENT TECHNIQUES II 3:40 P.M. THIN FILMS II
C. Birnbaum , Presider F. Al~eles , Presider

WD1 PARALLELICITY CRITERION FOR SAMPLES TO BE STU— WF 1 Invited Paper: SURFACE, GUIDED , AND INTER—
DIED USING FABRY PEROT INTERFERENCES , Raoul FERENCE EM—WAVES IN ATTENUATED INTERNAL RE-
Well and Dalia Neshmit , Israel Institute of FLECTION (AIR) PRISM SPECTROSCOPY , A.
Technology. Hjortsberg, W. P. Chen, and E. Burstein , U ’ i —

versity of Pennsylvania.

WD2 10.6 ~m ELLIPSOMETER MEASUREMENTS OF REFRACTIVE
INDICES OF IR MATERIALS , M. E. Pedinoff and
H. Braunstein , Hughes Research Laboratories,
and 0. M. Staffsud , University of California ,
Los Angeles.

141)3 A BRDF MEASURING INSTRUMENT, F. 0. Bart ell , 14F 2 EVALUATION OF THIN FILM COATINGS BY ATTENUATED
A . C. DeBell , D. S. Goodman , J. E. Harvey, TOTAL REFLECTION , R. T. Roim , E. D. Palik, ar.d
and W. L. Wolfe , Un iversity of Arizona. J. 14. Gibson , Naval Research Laboratory, and

M. Braunstein and B. Garcia , Hughes Resear ch
Laboratory.

WD4 TOPOG RAPHICAL INVESTIGATION OF THE VARIATIONS IN WF3 TEMPERATURE DEPENDENCE OF THIN FILM POLARIZER ,
STOIC HI OMETRYIN Hg 1_ Cd Te USING ELECTROLYTE D. W . Ricks , S. Se i t el , and E . A. Teppo ,
ELECTROREFLECTANCE, ~~ . L Vanier , Fred H. Naval Weapons Center.

Poll Pollak , and Paul M. Raccah , Yeshiva University.

WDS INFRAR ED TECHNIQU E FOR OBSERVATION OF SUPERCOOL— WF4 INFRARED LIGHT SCATTERING FROM SURFACES COVERED
INC , Edward H. Alexander , Naval Research Labor— WITH MULTIPLE DIELECTRIC OVERLAYERS, J. H.
story. Elson , Naval Weapons Center.



TH U R SDAY , December .~~, 19Th

~ASU IN C TON N O RTH WAS H I N TON C F N 1E R

9:00 A . M .  LASER WINI)OW I 9:00 A .M . INFRARED DETECTION
I i . i r r y  W i t . r . P r e s i d e r  II.  L e v i na t e i n , P r e s ide r

ThAI Invited Paper: RESIDUAL ABSORPTION IN INFRARED ThCI Invited Paper: FAR—IR PHOTOCONDUCTIVITY IN
MATERIAL S . H. Hass, Nava l Research L a b o r a t o r y ;  511.1(05 DOPED WITH SHALLOW DONOR IMPURITIE S ,
and , B. Bendow . Rome A i r Deve lopment  Cen te r .  I’ . N rto n , Bell Laborat ries , Murray H i l l .

ThA2 MECHAN I SMS FOR P R O D U C I N  LM1ICE A B S I ) R P T I O N : ThC2 M E R C U R Y  CADMIUM SELENIDE I N F R A R E D  DETECTOR
1SF OR T14O ’ Herbert B. R , s e n , t o c k , Naval Re— MATERIALS , C. J .  Summers , D. A. Nelson , and

search L a b o r a t o r y .  C. R. Whitsett , McDonnel l Doug las Corpor ation.

T h A 3  TEMPERA TURE DEPENDENCE OF MULTI—PH O NON A B S ORP— Th C I THALLI UM S E L F N I I ) E  INFRARED DETECTOR , P. S.
TIO N IN ZT~~C SELEN IDE , p .  A. M i l , s , R a y t h e o n .  N av ’i r and 14. 0. Hamilton , Louisiana State

U n i v e r s i t y .

ThA4 IMPURITY ABSORPTION IN CVD ZnSe , Herb ert G. ThC.. STRUCTURAL AN!) IR PROPERTIES OF Pb i_~
Hg5S

Lipson . Rome A ir Development Center. THIN FILMS, N. C. Sharm.i , D. K. Pand ya ,
H . K . Sehgal . and K. L. Chopra , Indian
Inst itute of Technology .

10:25 A .M. LASER WINDOWS II 10:25 A.M. REFLEcTANCE AND SCATTERIN G
D. Stierwalt , Presider J. Hewarl , I’reslder

ThBl INFRARED ABSORPTION IN GERMANIUM AND SILICON , ThDI Invit cd Paper: LIGHT SCATTERING FROM SURFACES
)an A Gregory  and James A.  H a r r in g t o n , U n i v t r -  OF INFRARED OPTICAL COMPONENTS , H. F. Bennett ,
s it v  of Al abama ; and , M a r v i n  Ilass , Nava l  J .  M .  B enne t t , i. M. Elson , and 1). U. Decker.
k sea rch l ab o r a t o r y .  Naval Weapons C e n t e r .

Th52 FREQUENCY AND TEM PERATURE DEPENDENCE OF RESID-
UAL LAITICE ABSORPTiON IN SEMI—CONDUCTING
CRY STALS , Bernard Bendow and Herbert C. l.ipson ,
Rome Air Development Center; and , Stanford P.
Yukon , Parke Mathematical Laboratories.

Thn3 BU lK AND SU~FM:F CALORIMETRIC MEASUREMENTS AT ThD2 SURFACE EVALUATION TECHNIQUES AND SURFACE
CO WAVELENGTHS , S. D. Allen and J. E. RudisIll , STATISTICS FOR INrRARED OPTICAL MATERIA LS ,
Hughes Research Laboratories. 1cm M. Bennett , Naval Weapons Center.

Th B~ SURFACE AND BLl.K ABSORPTION IN HF/DF LASER ThD3 SCATTERING PROPERTIES OF OPTICAL SURFACES
WI NDOW MATERIALS , A. Hordvik and L. Skolnik , AND BAFFLE MATERIALS FOR INFRARED SYSTEM S.
H ype Air Development ~~te r. J. E. Harvey, J. A. Gunderson , R. V. Sha k,

and W. L. Wolfe , Uii i a .r sit y f Ar i zona .

ThB5 MIXED FLUORIDES FOR MID— IR LASER WINDOWS, ThD4 RELATI ONSHIP BETWEEN SURFACE SCATTERING AND
J. i. Martin , Oklahama State iniver sitv; and , MICROT OPOGRAPHI C FEAT URES , F. L. Church ,
Herbert C. Lipson , Bernard Bendow , and Audun H. A. Jenkinson , and 1 . M . 7 , vada , Frankford
Hordv ik , Rom e Air Deveiopment Center; and , Arsena l
Shashan ka S. ‘litra , lnl v ersl tv of Rhodt Island .

ThD 5 INFRAREI ) OPTICAL REFLECTIVITY OF LIQUID
METALS , Edward Siegel , Public Service
Electric nd Gas Company , Miplewood , N i .

I.t N~ :H



THURSDAY , December 2 , l97h

WA SIIIN ( :T0N NORT H WASHINGTON CENTER

2 : 00 P . M . l ASER WINDOWS AND DAMAGE 1 2:00 P.M. FUNDAMENTAL INFRARED PROPERTIES
A. Gunther , Presider

ThEI SURFACE CHEMISTRY AND ABSORPTION OF CaF2 AND ThH1 TEMPERATURE DERIVATIVE OF THE REFRACTIVE
SrF 2 AT DF AND CO WAVELENGTHS, P. Kraatz and IND EX OF DIAMOND , John Fontanella and
S. 1 . Holmes , Northrop Corporation. Richard Johnston , US Naval Academy ; and ,

Carl Andeen , Case Western Reserve University.

ThE2 RESIDUAL ABSORPTION IN HF AND DE LASER WINDOW ThH2 ANALYSIS OF INFRARED REFLECTIVITY IN THE
MATERIALS FROM CONTAMINATION BY CARBONACEOUS PRESENCE OF ASYMMETRICAL PHONON LINE , F.
AND OTHER IMPURITIES , Ph i l ip  H. Klein , Naval Gerva is  and J .  L. Servoin , C. N. R . S.
Research Laboratory.

ThEJ  REFRACTIVE PROPERTIES OF INFRARED LASER WINDOW ThH3 FIR EMISSION FROM n—TYPE Hg gCd 2Te IN
MATERIALS , Mar ilyn Dodge , National Bureau of ELECTRIC FIELDS, C. Nimtz ana E: Tyssen ,
Standards. Universit~ t zu Kdln.

ThE. PHOTOELASTIC CONSTANTS OF POTASSIUM CHLORIDE AT ThH4 INFRARED PROPERTIES OF STOICHIOMETRIC AND N0N-
10.6 ~.m , Al bert Feldman , Deane Horowitz , and STOICHIOMETRIC RI TILE TiO2, F. Gervais and
Roy H. Waxler , National Bureau of Standards. J. F. Baumard , C. N. R. S.

ThF . ABSORBING PRECIPITATES IN CADMIUM TELLURIDE: ThH5 MAGNETOREFLECTION STUDIES OF Hg i_ ~ Cd~
Te ALLOYS ,

ESTIMATES FOR CATASTROPHIC LASER DAMAG E THRESH- N. H. Weiler , R. L. Aggarwal, and B. Lax,
OLD S, Herbert S. Bennett , National Bureau of Massachuse t t s  I n s t i t u t e  of Technology.
Standard s; and , Cyrus 0. Cantrell , Los Alamos
Sc ientif Ic Laboratory.

3:~.h P . M .  LASER WINDOWS AND DAMAGE II 3:45 P . M .  POST—DEADLIN E PAPERS
A. Gunther , Pr esider

ThFI Invi ted Paper:  PULSE LASER DAMAGE IN INFRARED
MATERIALS , Michael Bass, University of Southern
California .

ThF2 IRREVERSIBLE LASER DAMAGE IN IR DETECTOR MATER-
IALS , F. Bartoli , L. Esterowitz , H . Kruer , snd
R.  Allen , Naval Research Laboratory.

.:20 P.M. GLASSES
1. Tauc , Presider

ThC l I n v i te d  Paper :  INFRARED STUDY OF ANOMALOUS
EXC ITATI ONS IN GLASSES , A. J. Sievers , Cornell
University.

ThG2 MULTIPHONON ABSORPTION IN MIXED As2S.~—GeS4GLASSES , 0. S. Ma , P. S. Danielson , ~~. T.
Moynihan , and P. B. Macedo , Catholic Univers ity

America.

ThG3 ASSESSMENT OF Ge—As—Se 8— 12 jm INFRAR ED
OPT I CAL GLASSES FOR APPLICATIONS IN THERMA L
IMACINC. SYST~ 4S , A. N . Pitt. Jr., J. A. Savage,
and P. I. Webber , Royal S ignals and Rada r
Establ ishment , Malvern , England .
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WAS I I I  N( I )N N O RT h

) :OO A N . N O N L I N E A R  AND T N I F ; R A T E ; I  OPTICS I
B. LaW , F r e y  i cr

FA 1 I n v i t e )  I’ ;iper : HIGH 1SF/NC Ljiib’)3 UNABLE S ( N R C E ,
R.  L.  j r  and R . L .  He rb y t • S t a n f o rd I n  iv e r s
and , I I .  It , Tohc kti University.

FA2 lb NON IND UCED TRANSPARENCY OF ! F I . l I R I  S N EAR
11 urn WAV I l/N G TI I , K. — H .  Milli r and G. Nimt z ,
Univ. rsit~ t zu K~ 1n.

F A I  E F F I C I E N T  NEAR INFRARED STIMU LATE !) RAIIA N SCAT-
T E R I N G  I N  GLASS F I B E R  WAVF . G UID ES, Ch inl.,n Liii,
R . H. Stolen , U. C . Cohen , C. N . l a sk e r , and
W . C. F r ench  • be l l  aj a r , t r i e s , H lmde l  ~nd
Murray Hill.

FA4 tNFRAR ED G E N E R A T I O N  BY N O N I  INE AR ~- P l I O i O N  It  I N ’
IN G E R M A N I U M , N .  I c e , R .  L . A , ’ a r w a l , and B. Lax ,
Ma s sachuse t. is I n s t i t u t e  I Te ho 1 gv .

COFFEE

10:25 A . N  . N O N L I N C A R  AN D INTEGRATED OPTICS I I

FBI  I n v i t e d  Paper : SECOND AND FOURTH ORDER NONL INIAI/
PROCESSES IN C H A L C O P Y R T I E S , H.  R i l d a l , C. W.
Iseler , N. Manyuk , and J. C . ‘t lk k e l s en , ‘l i s s a ch u -
setts Institute of Technology.

FB2 STUDY OF THIN FIlMS USINI; LEAEY SURFACE EM (SES ’
AND INTERFERENCE EM (IEM ) WAVES IN THE I N F R A R U C .
14. P. Chen , A. Hjortsberg, and E. Burst cm ,
UNiver sity of Pennsylvania.

F83 OPTICAL CONSTANTS OF TI lE  A C C U M U L A T I O N  LAYER I N
SILIC ON MOS STRUCTURES , H. C. Ch i c , :  and C.
Sadasiv , University of Rhode Island .

I I ’  Invited Paper: SEMI—CONDUCTOR bASED INFRARED
INTEGRATED OPTICS , I. Mel itbailis . M,i~~~i husetts
Institute of Technolo~ v
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OPTICAL PROPERTIES OF SOLID S R ELEVANT
TO PHOTOTHERMAL SOLAR ENERGY

by

A. S. Barker , Jr.
Bell Laboratories , Murray Hill , NJ 07974

A study of the process of absorbing the sun ’ s energy

and converting it to useful heat to provide space heating or

to operate air conditioning machinery shows that one requires

more than the simple hothouse effect or the use of ordinary

black paint. In this talk we examine the notion of an ideal

photothermal absorber and describe the need for a different

type of absorption and emission characteristic , depending

on the operating temperature of the surface. Opticd ~ pro-

cesses of bulk materials , such as interband transitions and

free carrier absorption in metals and in semiconductors are

examined and compared with the ideal absorber. The con-

straints on any material due to the Kram ers -Kron ig relations

are also presented. Recent work of several groups try ing to

create a near ideal absorption characteristic using multi-

layer films or composite media is assessed and compared with

the Tabor selective surface. Studies of the motion of defects ,

vacancies and host -ions have shown the importance of con-

sidering stability and degradation in potential candidates

for solar absorbers. Finally, some comments are made about

the need for flat plate collectors whose cost is less than $5
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per square foot in the context of the energy crisis and

national fuel reserves.

-J
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SILICO N FILM S AS SELECTIVE ABSORBERS FOR SOLAR ENERGY CONVERSION

D. E. Ackley and J . Tauc
Division of Engineering and Department of Physics

Brown University , Providence , R hode Island 02912 USA

Introduction

In some photothermal solar energy conversion systems semiconductor films

are deposited on highly reflecting metals to form absorber-reflector tandems

that absorb the solar energy and reduce the thermal radiation from the system.1

Silicon has been proposed as a suitable material for this application. We

determined the optical contents below the absorption edge (to ~ urn) at high

temperatures (up to 800°C) of crystalline silicon (c-Si) and amorphous sili-

con films (a-Si), and calculated the efficiencies of c-Si (or a—Si ) - metal

selective absorbers.

Exper imenta].

Crystalline Si samples were cut from an ultrahigh purity (p ~ x l0~ ohm cm)

Si single crystal. Amorphous films were prepared by rf. sputtering onto sapphire

substrates in a high purity Ar atmosphere at 5 x l0-~ Torr; deposition rate was

1.7 s/sec and the thicknesses ranged from 7.5 to 8.5 urn. Annealing at 500°C

for 5 hours shifted the absorption edge to significantly higher energies but

subsequent heating up to 8000C had little effect. The samples were very stable

against crystallization and remained amorphous even after extended exposure to

800°C.

For the high temperature measurements we used an equipment designed by

De Forizo2. For the calculation of the optical constants , we assumed a tem-

perature and wavelength independent index of refraction ; an approximate method

based on fringe averaging was used .

Absorption constants

The absorption coefficients are shown in Fig, 1, We represent their tem-

perature and wavelength dependences as follows:

c-Si: + ~ (1)
— edge car

where the edge absorption

14 x iO~ (’~~ - F (T ))2/~w (cm~~ ) (2)
ed~e g
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E
g
(T 300K) 1.12 eV dE

g
/dT 5 x l0~~ eV/degree for T ‘ 300K.

The parameters were determined from Ref. 3.

The fr ee carrier contri bution was shown14 to be approximately:

acm 5 ~c ~.~
—17 

~~(T)(T/873)I:O.37/~~)
”5 (cm~~ ) ( 3 )

T is in 1K , ‘f~w in eV , n.(T) is the intrinsic carrier concentration

(cnr 3).

a_Si: It was shown14 that in our samples at high temperatures the low energy

tail of the absorption is determined by transitions involving a density of

states tail with an exponential energy dependence :

A ( T )  exp(
~
w/E

t
)[exp($w - Er

)/kT + l] l (14)

where E
t is the slope of the exponential state distribution , EF is the

Fermi level. The constants A(T), Et and EF were determined from fits to

the experimental data14.

As seen in Fig. 1, the main difference between c-Si and a-Si is the lack
of free-carrier absorption in a-Si. We are presently checking this point by

measurements out to 6 urn. Our preliminary data appears to be consistent with

a much smaller free carrier absorption in a-Si than in c-Si.

Phototherinal efficiency

We calculated the effi ciency

= (E
abS

_ E i t
)/E

b

assuming that the reflectivity at the silicon-metal interface is one , that the

reflectivity R of the silicon-air interface is constant in the whole wave-

length and temperature range and that the solar energy distribution can be rep-
resented by a suitably normalized black body radiation at 6100K. The absorp-

tance of the film is
A ( A )  - 

(l—R)El—exp (— 2ad)] 
(6)- 

l-R exp (-2ad~
where a is the absorption constant and d is the film thickness. The

absorbed and emitted energies are

= C IW(A , T = 6100K) A (A , T) dA ( 7)

Eemit I W (A , T) MA , T)dA (8)



WA2-3

400
_ _  

6OO~~a - S i
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Fig. 1 Absorption in silicon , The dotted line is the absorption edge of
c-Si when the free carrier absorption is neglected.
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where C 1.85 x l0~~ , W ( A , T) is the black body radiation.

We calcuated n for d 8.6 urn and found that at low temperatures there

is little difference between efficiencies of a-Si and c-Si (n
~
): at U00~C

99% nc = 95%. However, above 1400°C 
~c 

decreases much more sharply with

T than 
~~

Conclusions

At high temperatures, amorphous films give better efficiencies than crys-

talline films in agreement with the prediction of Seraphim 6. This is due to

a more favorable position of the absorption edge and the lack of free carrier

absorption in a-Si.
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TH~ NORMAL SPECTRA L REFLECTA NCE AND THE NORMA L SPECTRA L EMITTANCE

OF THE METAL COATED GLASS CERAM ICS
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Government Industrial Research Institute , Nagoya , Japan

and
K. Hirose , K. Yamada & Y. Talemaka

Ishizuka Glass Ltd., Nagoya , Japan

~~~. Sample Preparation

Glass Ceramics (sample 1) is fabricated by heating of
s~)odumen glass and mineralizer such as Zr02, Ti02 and MgO etc.
The sample has an optical flat surface and is opaque .

When a glass ceramics which contains CuO is heat—treated
in a reducing atmosphere , metallic copper particles are
crystalized on the surface due to the diffusion process of Cu++ .
Sample 2 and 3 are prepared by this process with the heat-

~- reatment at 980°C for about an hour and at 980°C for about 5
m utes respectively. The SEM image of sample 3 is given in

~ic. la. The average size of Cu particles observed in sample 2
s about twice as large as that of sample 3. A composite layer

- t~ about 10 im in thickness of glass ceramics and Cu ions is
wserved under the metallic Cu layer.

Af ter the above mentioned heating processes of sample 2,
sample 2 is treated further in an oxidizing gas at over 400°C
in to sample 4. The X.M.A. analysis shows CuO with about several
microns in thickness is coated on metalic Cu particles. The
SEM image of this sample is given in Fig. lb. Sample 4 is
again treated in a reducing gas at under 400°C into sample 5,
and the surface of which shows Cu20 film by the X.M.A. analysis.

2. Experiments

The normal spectra l reflectance(N.S.R.) of above samples
at a room tempe rature and at about 141 °C in situ were obtained
at wavelength range from 0.5 pm to 15.0 pm with an accuracy of
about ± 1.5 % .  The normal spectral emittance (N.S.E.) at about
141°C wer~ also obtained at wavelength range from 5.0 1c.m to
15.0 pm with in accuracy of about ± 5 % .  Both measurements
were done alternatel y by setting the respective auxiliary
e~~tiC :i 1 system to the scanning monochrometer without any change
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of the samp le position in the optical path. The principles of
the measurements are based on the double beam optical null
method .

3. Results and Discussion

The N.S .R. and N.S.E. data of samples 1, 3, 4, and 5 are
given in Fig. 2 to Fig. 5. Those of sample 2 are similar to the
data of sample 3 but show the low peak value at 6.8 jim. No
significant difference between N.S.R. data at a room temperature
and at  about 141°C exists, except samp les 2 and 3 for which
N.S.R. data at wavelength range from 0.5 jim to 1.0 jim at about
141°C give the lower values due to the slight oxidation of the
samples.

The N.S.R. data and [1 - N .S.E.1 data of sample 1 coincides
with each other within experimental errors. For other samples ,
the coincidence is entirely depend on wavelength .

( a )  ( b )

Fi g. 1 a; SEM image of glass ceramics with Cu particles
precipitated .

b ; SEM image of sample 4. The small cupric oxide
crystals formed on indiv idual copper particles
coalesced .
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1.0 
~1as~ ~Ir.U

II. S . (  ( T ~~. l 4 1 . ? ~c )

N. S . R  (1 - r oOm)

0.5

0 . 5 .0 5 . 0  10.0 1 5 . 0
w & v e i e n q t ~’ in  ~ i c r O f l I

Fig.  2 The spectroscopic data of a glass ceramics.

The discontinuity of N.S.R. data at about
1.5 ,am and 4.0 pm is due to the zero level
shift of the servo amp. caused by the change
of the diffraction gratings.

5 .0 . Cm s.tsl t•d ii..,

U.S.C 
~
Tb~

141•7 C)

0 . 1  0 . 5  5 . 0  5 .0  10.0 15 .0
w~v slsng t h i n  m i c r o n s

Fig. 3 The spectroscopic data of a metalized
glass ceramics.

Strong absorption band at about 8 .9 .1~z m
is observed .
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1.0 
_____  N .S .R. ( T )

N .s.E.(Tb = 14l .5°c ) I V

~ 
(

, 
‘I ,

I- 

~~~~0.1 0.5 1.0 5.0 1O .u 15
w a v e l e n g t h  i n  m i c r o n s

Fig. 4 The spectroscopic data of sample 4.
1 . 0  N .S .R. (Troo )

0. 

- - - - - N . S . E. 
~
Tb =1 41 

70  C)

°. 
~~~~~0 wavele ngth in m icrons

Fig. 5 The spectroscopic data of sample 5.

The peaks and troughs shown at the wave-
length range of over 4.0 ~ m correspondexactly to those appeared in Fig . 4.
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SELECTIVE ABSORPTION OF TUNGSTEN LAYER FABRICATED

BY C .V . D. METHOD

S. Tanemura & T. Noguch i
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Government  I n d u s t r i a l  Research I n s t i t u t e, Nagoya , Japan

and
S. Umezu & T. Yoshiwa

Toho Metal  L t d . ,  Moj i  Factory , Japan

1. The sample preparation

Tungsten has been vapour-deposited on graphite substrate by
means of the hydrogen reduction of tungstenfluoride. The system
tempera ture , the ra tio of inlet H 2 gas to WF6and react ion time
in the process used were 600°C , 3.0 and 12 minutes respectively.
The petrographic microscopy on the cross section of a sample
shows tha t tungste n layer of 30 pm in thickness grew on the
substrate. The surface topographs of the sample was shown in
Fig . 1 by SEM image.

2. The uurma l spectral reflectance (N.S.R.) and normal spectral
emi ttance (N.S.E.) measurements.

Th~ n • .c scanning spectrometer of a grating type have bccn
Jn~~j~~~~~ r~ for those purposes. The: principle of the measurcrnent
is based on the do~ib1e beam optical null method . The scannin~
wjveien (Tth covers from 0.40 ~rn to 15.0 pm. N.S.R . data of a
spec 1 m u ~ f~~~rn ~oon~ t empera tu res  to 900°C in s i t u  are a t t a i n ab l e .
TnE ~iolc’k ~L Hr a m  ~nr t h i s  syst e r~ is shown in F i g . 2 a .  A N . S . F .

: i p t c & m e n  i rom 80°C to 9 0 0 ° C  can be obtained by a usual
:~it t uud showr~ in F i q .  2b s c h e m a t i c a l l y .  Both measurement s  can be
car r i cc~ o ut  .t l t e rn a t e l y  by s e t t i n g  of the a u x i l i a ry  op t ica l
~yst e~r of a riset type indicated by the d o t t e d  l i n e s  in F i g .  2 i
and .~b r c~u.~eci ve l y.

The t e m per at u r e s  of samp le s u r f a c e  and b l a ck  body f u r n a c e
wer c o n t r o l le d  w i t h i n  an accu racy  of about  ÷ 0 . 5  % a t  about
I 0°C r e s p e c tiv e l y .  We ad ju : ; t the  b l a c k  bed y t e m per a t  j r e  t o
sampi -r face t ~iupc raLu s w i t h i n  an i c cu r a c y  of ± 1 % in such

- . -j sat: t i e  hi : e ed S t  a r i i i  d sp ’ctrn .
~n (th sa:~:p l e r c .i ’ced  w i t h  ~T

: i l a ck  paint  w~ ~h ab u i t . J O ( ~ ;~m i n  th i.ckne~ s) his N . : . I - ’. .  \ ‘ I l ue
r~~.orLe~ by H a i l ( l~ it 100°C.  This might reduce the  e sr o r s  of
a ~.. s. r . it . the concerned  ~~eve lc’i gth range down to ± 5 % in the

~;rf- T1L ‘ - : ~p v i i m e n t s .
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3. Results and Discussion

In Fig . 3 , the results for the graphite substrate are
given. The N.S.R. obtained at 137.9°C coincides with that at
23°C. This indicats the optical properties of the sample are
not affected by the temperature elevation within the present
wavelength .

The shape of the N.S.R. curve does not reflect the surface
roughness effect which is estimated by the factor exp [—{4nco /A }2 1
in which roughness a of about 1.0 pm is given from the surface
topograph. The mutual coincidence between the N.S.R. and
[1 — N.S.E .J is not satisfactory. The facts require the
discussion of more precise geometry of the surface.

Tungsten layer contains no other metalic elements and only
the surface layer with about 100 A contains the W03 according
to ESCA and Auger analysis. This W03 might reduce the N.S.R.
in rather shorter wavelength range.

[1] W. Hail ; Thermal radiative properties Vol . 9 ed.Y. S.
Toulkian et al , p5 36 , Plenum Press , New York (1972 )

l5~

Fig.1. Surface topograph of tugsten layer.
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S o , r c .

P~~~L1~~~~d!~J~~~ “~L.’~( Mo le ,

Fig. 2a The block diagram of reflectance measurement.

T.C.; thermocouple , S; slit , F; filter ,
D; detector of vacuum thermocouple , Amp ;
pre-amplifier and lcok-in amplifier , and
Rec ; recorder. Either Al coated or Al
coated mirror was used as a standard sample.
The incident angle is smaller than 5° in arc.

________ Mon:ch , :

~~~±ac k~~~~~~~~~~
, ~~ ~~~Purna c m ‘ I.

Fi g. 2b The block diagram of emit tance measurement

Abbreviations used here are explained in Fig. 2a.
Precisely, the radiation energy emitted within
the solid angle of 8 x 10 ’ steradian is focuss-
ed on detector .

—— — -— - - -- -~~~ - .- .— -. — - .— —- - .
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t o  w ( cv0 )

~~ 

C )

0 . 7  0 .5  1 0  5 0  10.0 15.0
w av i l e ng t l i  ill • i c r o n ~

Fig. 3 The spectroscopic curves of the present
sample.
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THE TOTAL H E H I S P H E R I C A I . E’ t 1 SST V I T T  ES OF ( (  )I’PER , A1.V’l I ~~~ *~~~ ) 51 I.V1’~

K. G .  Rama n at  han , San Ho Yen and I I  ~. d A .  st  e 1 t e

Physics  Depar tment , ~n i v c r s i t v  of New I r l e i n s , N , - - . . r l.. in- . , 1 . i — 7 0 1 2 ? .

By combin ing  P l anck ’ s law of b l ac kh od y r a d i - e t i o n  wi th t t i t -  Fre iie l equa-

tions and the  equation for the  p r o p a g a t i o n  of a p l a n e  e l e c t  r~ ”Le- ,’ n-t ic wave in

a n o n — f e r r o m a g n e t i c , homogenious  conduc t ing med i um it T
’1
F , Javi s~ on and We eks ’

deduced for the total hemispherical emissivitY the equation

= 0.751 (pT)2 
- 0.632 (pT) + 0.670 (pT)3”2 - 0,607 (oT),

2 ( 1)

where the electrical resistivity p = 1 /a , is in ohm—cm. In Eq. ( 1 ) ,  ohm ’ s law

J = oE , for the current density in the metal , is assumed to be a point  rela-

t i o n  so tha t  the absorpt ion  of ene rgy f rom an inc ident  e lectromagnet ic  f i e ld

and i t s  diss ipat ion as heat in the conductor are assumed to be Cont inuous  pro-

cesses. More recently, Parker and Abbott
2 modified this theory by taking into

account the finite , non—zero relaxation time T, of the conduction electrons in

the metal and arrived at a general expression for Ch~ 
which is strongly depen-

dent on a certain parameter a = 1.31 X 10
11 

tT, introduced into their theory.

The particular values of t
h for five different values of a are presented here.

For a=0.0, 6h 0.766 (~ T) 2 
- (0.309-0.0889 log pT) pT - o.o175(pT):/2 (2a)

For a=0.2 , E:~~’. 0.534 (pT)
2 

— (0.218—0.0411 log pT) pT + 0.0141(pT) (2b)

For a=0.5, th
= 0.384 (pT)~ - (0.172-0.0208 log ~T) pT + 0.0306(pT)

312 
(2c)

Foe a=1.0, 0.281 (pT) 2 
- (0.153-0.0109 log pT) pT + 3.0461(pT)

312 (2d)

For a=1.5 , Ch= 0.232 (pT)
½ 

- (0.148-0.0076 log pT) pT + 0.0570(pT)3”2 (2 e )

The experimental results of Parker and Abbott for the transition metals Nb ,

Mo , W and Ta were claimed by them to be in qualitative agreement with Eq. 1

and wit h Eq. 2a which correspond to T 0 , though their Eqs. 2 b , C , d and e

corresponding to T > 0, predict lower values of
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~ 2 .  0 ••
S.

I I U I I200 300 400 500 600 700 800 900
TEMP ERA TUR F , °K

Fig. 1~ c~ vs T d at a for  Copper : • , Ra mana t h i an  and Yen ; 3 S , Es ta lote
and Ramanathan ;

4
—~~ , Davisson and Weeks ,’ Eq .1; —Q_ , j  , -~~~~and

0 , data point s of p rev ious  workers , see R e f s .  3 and 4 for details.

Pr esumabl y due to improper su r face  condi t ions  and/ or  due t o  large unacco-

unted errors in measurements , the c1 
vs T curves of many of the past invest i-

gators are very much higher than those predicted by Eq. 1. This disparit y bet-

ween theory and experiment and the serious discord which exists among results

of past investigators for any one metal , led the present writers
3’4 to ca r r \

out 5%—accurate measurements of E
h 

of polished surfaces (‘I 5N pure Cu , Al and

Ag with a transient calorimetric techn ique . €~ vs T data for el e ctro l y tic a ll y

polished surfaces of Cu and Al , obtained in the range of 400 to 1100 K w i t h  a

high temperature apparatus and in the range of 150 to 300 K with a speciall y

designed low temperature apparatus are reproduced in Figs. I and 2 respective—

ly. It is seen tha t  our hi gh and low temperature data fit together as well as

— — _ _ _
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A A ~

200 300 400 500 600 700 800
TEMPERATURE , °K

Fig. 1~ 6
h 
vs T data for Aluminum : • , Ramanathan and Yen ;

3 0 , Esta—

late and Ramanathan;4 — , Davisson and Weeks ,’ Eq . 1; ~ ,—4-- , 0

and 0 , data points of past workers , see Refs. 3 and 4 for details.

may be expected . Data obtained for mechanically pol ished Ag with the hig h

temperature apparatus are shown in Fig. 3. In all three figures our C
h 

data

are seen to be the lowest ever obtained . Furthermore , our data points at the

highest temperatures arc seen in all three figures , to be well below the con-

tinuous curves representing Eq. 1. However , this disparity is seen to de-

crease steadil y with temperature. Oar results for Cu , Al and Ag thus appear

to lend support to the relaxation theory of Parker and Abbott.

The r values calculated from our vs T data using the set of equations

2, a to e, are of the same order of magnitude as the T values determined from

the dc conductivity of the bulk metals using the relation a = ne
2
T/m , where n

is the number density of conduction electrons , e is the electronic charge and

m its mass. Therefore , it is believed tha t a detailed investigation of the
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— ‘4.

~~~3.
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Fi g. 3. vs T da t a  fo r  Silver : • , Ramanathan and Yen ; 3_—.— , Davi s—

son and Weeks , 1 
Eq. 1; 0 , ...-~~.... and £ , data  p o i n t s  of previous

workers , see R e f .  3 fo r  de ta i l s .

t e m p e r a t u r e  v a r i a t i o n s  of the  to ta l  hemispher ica l  and spectral emissivities of

clean su r faces  of very pure  meta ls  wil l  be use fu l  in e luc ida t i ng  the  theory  of

the  op t ica l  properties of good conductors.
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by

D . Ii. Soule and I). l~. Smith
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l’.estern I l l i n o i s  U n i v e r s i ty

Macomb , I l l i n o i s  61455

.-\ st udy was made to p ara met r i c a l l y ch a r a c t e r i z e  the s p e c t r a l l y  selec tive
(SS) absorptance prof i les  of typ ical absorbing l ayers for s o l a r - t h e r m a l con-
ve rsion . -\ fi ve-parameter  modi fied Ferm i d i s t r ibu t ion  function was developed
to mod el the spectral  ahsorptance c~ p r o f i l e .  These parameters inc lude : A
the shor t -wavelength  cz~ limit approaching 0.3 pm , B the long-wavelength limi t
approach ing  40 ~m , A 0 the h a l f - h e i ght  aX shoulder wavelength , TK the  sh oulder
broadening factor and SK the skew factor.  This model was applied to SS
l ayers of several types:-  interference multilayers A 1-SiO-Al -SiO (ASAS) with
the spec t ra l  re f lec tance  

~~ 
measured by Ilass et a l , 3 M g F 2-Mo-Ce0 2 (~~lC) on

Mo b y Schmidt  and Park 4 and A 12O 3-Mo-Al 203 (A MA) on Mo b y Pete rso n an d
Ra msey ; 5 an i n t r i n s i c  b u l k  ~bsorb ing stack SiO 2-Si 3N 4 - S i - C r2 O 3-Ag -C r203 (S CA)
b y ~1aste r son an d Se raphi n 6 ’ ; and mixed-typ e absorbers chromi um b lack  (CrBk)
on Al by Mcl ) o n a l d 1  an d ni cke l  b l ack  (N iBk ) b y St reed . 8 Typ ical  f i t s  for o~
are shown in  Fi g. 1. Tn the f i t t i n g  process , A w as ad j us ted wi th  a we i gh ted
f i t  at the solar  peak waveleng th S , skewing was performed about A 0 and B , TK
and SE were adjusted with a fit in the emission peak wavelength range ii for
typical solar absorber operating temperatures Ix . As a w o r k i n g  measure for
the degree of f i t , the calculated thermal conversion efficiency predicted
for the Ferm i model typ i ca l l y  agreed wi th  that foun d for the or ig ina l  spec-
tra l data  to w i t h i n  102. 1

A major  aim in t h i s  s tud y was to determine the in situ spectral be-
havior of an absorbing SS layer in the IR emission range at e leva ted  tem-
peratures. Problems exis t in the usua l interp retat ion of the spectral
reflectance data for the case of high reflectance , where P\  -~ 1 , in con-ver t ing  to the spectral emi t tan ce  C X = aX = 1 - and in resolv ing  hemi-
spher ical  averag ing. 9 1)ifficul-ties arise in measuring p~ at an elevated I~
and in r e l a t i n g  to the thermal , s t ruc tu ra l  and envi ronmenta l  h i s to ry  of the
SS l ayer .  In addition , a~ proved to be most sensitive to increasing tem-
perature in the IR portion of the spectral pro f i l e  for those SS l ayers
studied , as demonstrated in Fig. 2 for SCA and ~~lC from ..3° to about 500°C.
Both show an increase in the 1R eX with temperature , dominated by the metal-
lic substrate. The difference in the absorption mechanism is also apparent ,
where for MMC only the B parameter shifts with temperature , while for SC\
both B and A0 vary . Such shift s in the JR LX significantly i n f l uence the
net con version efficiency at low and intermediate collector concentrations .
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A

SCA

U

~: : 0 0 B4
I~- 10 25°Ca-
0

MMC 
PARK )( SCHMI DT- 

538°C

4

— FERMI MODEL • B
0

25°C
E

Uz
4
64 m • 2  730°C 25°C

)IIIII~~~ AA I i i i i i i l  I I I

0.3 I 3 10 40
WAVE LE NGTH (pm)

Figure 2. Temperature shift in the spectral absorptance profiles
of spectrally selective absorbing layers with wei gh ted fits at S
and in E range. Interference fringes smoothed in SCA . Relevant
spectral regions are given by the normalized solar spectrum and
Planck emission spectra for measured hemispherical total emittance .
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An al ternative method is presented in this paper for defining the IR
spectra l absorpt ancc p r o f i l e .  The hemispherical total emittance 

~1H 
was

a l s o  measured here on the SS layer at 
~~~~~~ 

Measurements were made calori-
metrically at thermal equilibrium for temperatures up to 730°C. This
approach represents mo re direct l y the therma l heat tran s fe r extan t in a
solar  conversion system . Figure 2 shows the re la t ive  position s of the
Planck emission spectra P(T), along with the solar spectrum for air  mass 2 .
Integration was performed for the emissive power loss to the environment
at T0,

40 pm
C e~ (A ,T~) LP (T x) - P( To)1 dX

1 ~am

where the effective spectral emittance C~ is given by the Fermi mode l , as
extrapolated from its fit in the solar absorption reg ion . I te ra t i ve com-
parison with the measured ETh provided a thermal basis for scaling PA in the
JR to produce the required C

~
. The temperature dependence of the spectral

emittance and a comparison between spectral profile methods will be discussed.
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AN INFRARED , HEMISPHERICAL REFLECTOMETER FOR CHARACTERIZING
SELECTIVE SURFACES FOR SOLAR THERMAL ENERGY CONVERSION

Kei th  0. Masterson
Opt ica l  Sciences Center , Unive rsity of Ari zona

Tucson , Ari zona 85721

In order to obtain reliable infrared spectral reflectance measurements
from diffusel y reflecting , spectrally selective surfaces of interest for solar
therma l energ~’ conversion , a new refl çctometer configuration modified from de-
signs by Dunn i ) and Blevin and Brown2) is proposed. As shown below light from
a monochromator is focused onto the samp le which is placed at one focus of the
collector (a section of a prolate ellipsoid of revolution having an eccentric-
ity of 1/3). The samp le surface is in a plane perpendicular to the axis of
the ellipse. A flat mi rror also in this plane rel ays the conjugate focus into
the detector located at the intersection of the axis with the elliptica l sur-
face . This design has the advantage of a high siqnal -to-noise ratio with
stronge r signals than are available from infrared integrating spheres .3’4) As
in the Coblenze sphere5) or hem i-e ll ipsoidal 6~

7) configurations , specular optics
are used. Therefore , an extremely wi de spectral range of application is pos-
sible. One advantage over the hemi -elli p soid is that neither the source optics
nor the detector mus t have 1800 fields . A de tector with approximately a 900
field of view is adequate . By placing the detecto r above the samp le surface
obscuration of the paraxial rays by the sample and samp le holder is avo i ded .
However if the samp le dimensions are larger than twi ce the detector dimensions
some rays could be obscured . This is avoidabl e by enlarging the aperture in
front of the detector ançt using a secondary concentrator such as a compound
parabolic concentrator. 8) The input optics can be arranged to provi de a vari-
able angle of inciden ce .
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THE STRUCTURAL COMPOS ITION AND OPT ICAL PROPERTIE S

OF GOOD SOLAR BL A CKS : GOLD BLACK *

P. O’Neil l , C. Doland and A. Ignatiev
Department of Physics
Univers i ty  of Houston
Houston , Texas 77004

Current emphasis in the utilization of solar energy has spurred interest

in the investigation and understanding of the basic physical concepts underly-

ing  the absorption of solar radiation by a material. It is wel l known , that

metals , semimetals and semiconductors are absorbers of solar radiation due to

their high extinction coefficient (k), however , they are also good reflectors

due to their high index of refraction (n). The net results for these systems

i s  tha t  the solar absorptance is  small.

There are , however , mater ials defined as solar blacks that are highly

abso rbing in the solar spectrum. These materials , though  g e n e r a l l y  s table

only below 300°C , are bel ieved to be metallic or semimetal lic in nature and

have ~ io~ cm 1 and R 1%. It has been previously reported~
1
~ that such

materials are particulate in nature with however few specifics given on the

dependance of absorptance on particle size , particle packing density and ab-

sorbing layer thickness. We have undertaken a complete analysis of the depen-

dance of optical absorptance on these parameters for a test solar black system :

gold black. The information that we have obtained will be utilized in the

development of a high-temperature stable solar black through the concept of

modifying the surface of the material so as to obtain the optimal particulate

properties for maximum solar radiation absorption .

Gold black films were deposited onto glass and metallic substrates by

evaporation from a tungsten fi l ament at between 0.5 and 10 torr of helium.

The particulate nature of the fi lms as wel l as their DC conductivity , absorp-
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tion coef f ic ient , and reflection coeff ic ient were measured as a function of

evaporation temperature and helium pressure . It was found that the fi lms were

in fact composed of loosely packed gold particles whose size increased from

40 to 200A with increasing helium pressure . The packing fraction of the

particles , however , decreased with increasing pressure from a value of about

0.03. The structural analysis including measurements of film thicknesses in

the micron range was done with both scann ing electron microscopy (SEM) and

transmission electron microscopy (T EM).

Spectrophotometric techinques~
2) were used to measure the reflectance

and transmittance of the samples in the wavelength range of O.35~ to 2.4p.

The absorption coefficient was determined from the following expression

using the measured transmittance and the thickness of the sample.

I

where 10 is the intensity of incident li ght at some wavelength A , and I is the

intensity at some distance x into the material .

It was found that the absorption coefficient is relatively wavelength

independent and increases with increasing packing factor (decreasing particle

size) with the highest va l ue, a 1 x lO~ cm ’ found for films with 70A average

particle size and 0.02 packing factor. The measured reflectance for such f i lms

was 0.1 5% and relatively wavelength independant and mainly diffuse.

Theoretical analysis of the optical properties of a low density gold

film including the effects of core electron polarization , plasma excitation

and interband transitions was undertaken in order to correlate to experiment.

The analysis resulted in the following reduced expressions for the optical

properties:

n~~~~~r~7

k C~ /2
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where c~ and c2 are the real and imaginary parts of the dielectric constant

of the material .

For a film of packing factor 0.02, the calculations have yielded

n 1.05, and k 0.06. From a = 
47rk/x we obtain a 0.85 x ~~ cm ’at 7000A

in good agreement with the experimental value of 1 x iO~ cm ’. The calculated
reflectance for such a film is 0.14% in good agreement with the experimenta l

value of 0.l5;~.

* Work supported by the University of Houston Solar Energy Laboratory .
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Optical Coatings for Solar Heating and Cooling

H.Y.B. Mar , R.E. Peterson and J.H, Lin

Honeywel l , Inc .

Systems and Researc h Center

2600 Ridgway Parkway

Minneapolis , MN 55413

Solar collectors have been used for many years to heat water. The basic design

of a solar col l ector for heating water or for heating and cooling buildings is

similar. However, improved col l ector performance , which can be obtained through

use of special coatings , is required for heating and cooling app3ications.

COVER ABSORBER
WINDOW PLATE

_
~J ’ J f_

y V % J V  “ V

J INSU~~TION
FLUID
CIRCULATION CHANNELS

FIGURE I. CROSS -SECT ION OF A FLAT PLATE SOLAR COLLECTOR
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Figure 1 shows the cross-section of a simpl e sol ar energy col l ector often called

a flat plate collector. The portions of the col l ector that requ i re coatings are

the absorber plate and the window cover. A selective solar absorber coating on

the absorber plate allows efficient absorption and retention of incident solar

energy. Such coatings are characterized by a high solar absorptance (a) and

a low thermal emittance (c). An antireflection coating on the cover window

maximizes the solar energy transmitted to the absorber plate. A figure of merit

for the antireflection coating i s  the total solar reflectance (R s).

Table 1 suninarizes the key features of several coatings that are currently

being considered for use in flat plate solar collectors. Black chrome and black

nickel are electroplated coatings that are very attractive as selective solar

absorber coatings. Their technology is well established and they are relatively

f low cost coatings. Bl ack chrome and bl ack nickel coatings have been developed

with the optical properties requ ired for flat plate heating and cooling systems.

Al so the durability of these coatings appear adequate . Selective paint coatings

currently lack the optical properties required for a solar heating and cooling

system. If paints could be developed with a’s of 0.90 to 0.95 and c ’s of 0.10

to 0.15 they ~~uld be an attractive alternative to the electroplated coatings.

Etching in a silica saturated fl uosilicic acid solution has been found to be

a cost effective method for antirefl ection coating large glass windows .

Techniques have been developed for reducing R
~ 
of etched AR coated windows from

approx imately 8% to 2%.
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Tabl e 1. Properties of Selected Solar Coatings

Estimated
Materials Estimated

Type a c (100°C) Cost ($/ft 2) Life (yrs)

Black Chrome 0.96 0.12 0.25 >15

Black Nickel 0.96 0.07 0.40 >2

Selective Paint 0.90 0.30 0.001 >15

Etched Anti-
reflection R5 

= 0.02 0.01 >15

_ _ _ _
,

-j



wcI- 1

RECENT ADVAN CES IN MEASUREMENT TECHNI Q UES
FOR SMALL ABSORPTION COEFFICIENTS

A , Hordvik

Rome Air Develo pment Cen ter
Deputy for Electronic Technolo gy

Hanscom AFB , MA 01731

The development of high power lasers and fiber optics has created a need
for low loss optical components which in turn have necessitated a variety of
new techniques to be developed for measuring bulk and surface absorption in
the 1O-~ to 1O~

1 range. At the Conference on O~.tica1 Properties of Highly
Transparent Solids , 3—5 February 1975, Skolnik L~J 

reviewed the state of the
art a t that  time i n part i c u l a r  as related to the measurement of bu l k  a b-
sorption. In the almost two years that have passed s i nce that meetin g
several new methods have been developed . In particular , an effor t has been
ma de to fin d techni ques ca pa b le of de te rmin in g sur face absor pt ion an d ab-
sorption in coatings. T he measuremen t of surface absor ption has become
es pecial ly im portant with the realization that for a number of hi gh quality
opti cal m a t e r i a l s  surface absor pt ion  domina tes bu l k  absor p t ion at some h i gh
power laser wavelengths .

This paper reviews several new measurement techniques with emphasis on
var ious laser calorimetric and photoacoustic methods which allow both bulk
an d surface absorption coefficients to be determined simultaneously. A
desc ript ion i s also gi ven of t echni ques s u i t a b l e  for measur in g losses in
coatings , Represen tat ive exam p les of measuremen ts made usin g the
dif fe rent a pp roaches are descri bed , and the advantages and disadvantages of
the va ri ous procedures are d iscusse d. Estimates are made of the sensitivities
tha t can be ac h ieve d w ith the dif ferent techni ques. Finall y , a description
is given of a new a.c. interferometric technique for measuring very low
bulk absorption ,

References :

[i] L. S k o l n i k  i n “Optical Properties of Highly Trans parent Sol id s ” , edited
by S. S . Mitra and B. Bendow , p. 405 (Plenum Press , New York , N.Y .,
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PHOTOACOUSTIC SPECTROSCOPY :

A MEASUREMENT TECHNIQUE FOR LOW ABSORPTION COEFFICIENTS

H. S. Bennett and R. A. Forman

National  Bureau of Standards , Washington , D.C .  20234

SUMI’IAPY

We have presented earl ier the theory of a photoacoustic qas cell 1 and
have demonstrated that the photoacoustic gas cell has a s u f f i c i e n t  n umber of
parameters which we may vary exper imental ly  to determ ine separately the
surface and bulk absorption coefficients. We give here expressions for the
acoustic stress which are valid at intermediate frequencies u.

Fi gure 1 is a sketch of the photoacoustic gas cell for measuring
absorption coefficients . A conf ined , non-absorbing gas at ambient pressure
p0 f i l l s  the space inside the cell be tween the two windows which are made
from a weakly absorbing material . The window thickness is d = z3-z2 and
the cell length is 2. = 2z2 . A collimated and modulated laser beam p~ ~pagates
in the z direction , has power W2. and has angular n~ dulation frequency u. A
pressure transducer located in the gas region at Iz~ < z2 gives the acoustic
stress amplitude . Because we neglect the flow of heat in all directions
transverse to the z axis and assume that the laser beam has a uniform intensity
profi le , we reduce the problem to a one dimensional problem in the z direction .

Using the linearized hydrodynainic equations , we f ind that the acoustic
stress simplifies considerably whenever the following set of inequalities
are all satisf ied : ~aZ2 << 1, ~~d >> 1 and 

~tz2 
>> 1. The inverse of the

wavelength of the acoustic behavior is 
~a 

= w/cq, where C
g 

i~ th~ speed of
sound in the gas ; the inverse of the thermal diffusion length in the windows

= (~ /k~ ) 1’2 1 where k5 is the thermal d i f fus ivity of the window s ; and
the inverse of the thermal diffusion length in the gas is ~ t, =

where kg is the thermal diffusivity in the gas and y = C0/C,, is the ratio
of the specific hea t of the gas at constan t pressure C~, ~o that at constant
volume C,,. When z2 = 1.0 cm and d = 1.0 cm , the intermediate frequency
range for air (nitrogen) at standard temperature and pressure and for a
representative laser glass becomes 3.31 x io~ (rad/s) >> w >> 0.201 (rad/s).
For this intermediate range of frequencies the acoustic stress Tzz has the
approximate form for z~ <

T (z,u) iml (k k y)1’2 (l—i)a k 1/2
ZZ 0 S g  

+ 
B s

p T K Z2W  S 
(2w)~ 

2

x ~l + (K yk /K k ) I/23. , (1)
g S s o

where m is the modulation depth of the laser beam, 10 is its intensity , ~~is the bulk absorption coefficient in inverse units of length , K5 is the thermal
conductivi ty of the window and K.g is the thermal conductivity of the gas.
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We observe that for the above intermediate frequency ranae , the acoustic
stress is independent of z; is directly proportional to when 

~
iB = 0; and

is d i rec t ly  proportional to when ‘
~~~~ 

= 0. In addition , when rL B = 0, t~~e
phase s h i f t  of the stress re la t ive  to the laser beam modulation is 90° and
when = 0, the phase shift is 45°.

By varying the pressure p0, the frequency w , and the gas cell ler.:th 2 ,
we may optimize the regions where the sur face  and bulk absorption can hr~
determined separately with reasonable precision and accuracy. In R e f .  1, we
give a closed expression for the acoustic stress which is valid for all values
of and compare our results  with those of R e f s .  2 and 3.

Because this  technique averages to some extent  ove r any absorption
inhornogeneities in the windows , we expect that  localized absorbing or
scat ter ing centers could be less of a problem for this technique than for
the calorimetric techniques in which the placement of thermocouples may be
important.
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ANALYSIS OF LASER CALORIMETRIC DATA

H .  B. Rosenstock and M.  Hass
Naval Research Laboratory
Washington , D.C. 20375

D. A . Gregory and J .  A .  Ha r r ing ton
Univers ity of Alabama in Huntsv ille

Huntsv ille , Alabama 35807

Laser calorimetry is one of the most widely ‘ised methods

for the  de te rmina t ion  of low absorption c o e f f i c i e n t s .  However ,

Lhe ex t rac t ion  of absorption c o e f f i c i e n t s  of mater ia l s  from the

thermal rise curves obtained in laser ca lor imetry  depends upon

a knowledge of the t ime dependence of the temperature of a

sample heated by a laser beam of known power . The general so-

lu t ion  of heat equat ion  for a rb i t r a ry  geometries in the presence

of both surface  and bulk absorption is quite  complex , hut  use of

a long rod geometry introduces a number of simplifications in the

ana lys i s  which  w i l l  be discussed in de ta i l .  By means of t h i s

analysis , it becomes possible to deduce both the bulk and surface

absorpt ion in a single run .

Several features are generally expected in the relation be-

tween temperature and time measured near the center

of the peripheral surface of a long cylinder heated along the

central axis and at the end surfaces. These include : a constant

temperature region (until the heat has had time to reach the



WC 3—2

peripheral surface); a linear temperature increase (as long as

hea t f low ing ra dially outward from the center arr i ves on the

p e r i p h e r a l  su r f ace  at  a cons tan t  r a t e , u n per t u r b e d  by heat t rans-

fer to th e surroundi ngs or end e f fects):a more ra pi d temperature

in(rease , perhaps still linear in time , as hea t f low from the

end sur f aces appears ; a s lower tempera t ure rise once t he s ur  —

l a ce temperature gets high enough tha t radiative or convect lye

l~v at  transfer to the surroundings can no longer be ignored; and ,

f in a l l y, a constant temperature w hen , in t he s teady  s t at e , the

heat transferred to the environine i~t equals the amount absorbed .

W h i le the  above fea tures seem phys ica l ly  p laus ible enough ,

the deta ils , and even the appearance of some of the distinct

re gions , depend sensitively on the quantitative values of

parameters that are only qualitatively alluded to in the pre-

ced ing : shape of the sample , position and magnitude of heat

sources and measur ing points , and re lative values of the con-

duct iv i ty  and heat transfer coeff ic ien t s .  The n a t u re  of t h i s de—

pendence is far rrom obvious by a glance at the solut tori of the

h ea t  equa t  ion fo r  a I)art iculai s i t u a t i o n , a s o l u t i o n  1ha ~ u sua l lv

involves all these quan t itics in each tcrrri o! a ckrPlv infin i t ‘

Sei’tes in a complicated way

Our pur~’,~~
;( in t h i~ work is to ,l~~t ermine quant tat ivelv the

physical . (ondit ions wider v.hich the i rect~~~,ilut ion ot t tie }re:i t

qiia t ion ca ll be ~ ppr ox i ma t ~ 1 v s i r p i  i t  i ‘H t n produce the s i nip
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fea tures  tha t  are i n t u i t i v e l y  expected .  When t h i s  is leg i t imate

it can be shown t h a t  some of the physical  parameters can usually

be more easi ly i n f e r r e d  t ha n  is possible by a fu l l—sca le  analys is

of the complete solut ion .

These results  are i l lus t ra ted  by measurements and calcula-

t ions  of thermal rise curves encountered in studying laser

window mater ia ls  in the inf ra red .  For the long rod geometry ,

a two-slope behavior in the thermal rise curve is found in

accordance w i t h  i n t u i t i v e  expectations and the previous analysis.

The f i r s t  slope can be i den t i f i ed  w i t h  bulk absorption alone and

the  second slope w i t h  the sum of surface and bulk absorption .



W C4—1

A NEW TECHNIQUE FOR MEASURING THE IN FR ARED
ABSORPTION IN THIN FILM COATINGS*

James A. Harr ington **, Morr i s Brauns tein , and J. Earl Rudisill

Hughes Research Laboratories
Malibu , Cal i fornia 90265

Prev i ous meth od s used to measure the opti cal absor pti on i n transparen t
dielectric coatings on infrared laser window materials have generally
relied on a compar ison of the absorption in coated and uncoated substrates
ii order to obtain the absorption coefficient i f of the coating. These
methods have the disadv antage that one often obtains nearly identical
absorption coefficients for both coated and uncoated substrates making
extraction of 

~ 
difficult or , at times , impossible. We have developed

a technique to measure the absorption coefficient 
~ 

directly without
resorting to the need for independent measurements of both coated and
uncoated substrates.

This new method invo l ves the use of a long, rod-shaped sample with a
low loss coating at one end. For a rod whose length is about 10 times
greater than its radius , Hass’ has shown that surface and bulk heat are
separated in time in the heating-cooling curves obta i ned in conventional
las er calorimetry . From these calorimetric data on long, rod-shaped
sam p les it i s then possi b le to measure dire t lv the sur face absor pti on
alone and , there fore , the Vf of a low loss coating on one end of the bar.

We have nieasured the absorption coefficient in As2S3, CaF 2, ThE4,
and PbF2 single l ayer films on a KC1 substrate (2 x 2 x 13 cm) at 5.3 ~im
using this technique. The particular bar of sing le crystal KC1 used in
th is study was RAP grown and exhibited extremely low bulk and surface
absorption at both 10.6 and 5.3 in . A t 10.6 pm the KC1 bar was essentially
intrinsic (=8 x l0~~ cm 1) while at 5.3 pm measurements of bulk and
surface absorption indicated i mmeasurabl y small sur face absor pt i on an d
bulk absorptions in the low 10-6 cm~~ ran ge. Therefore , this bar is
i deal for a su bstrate si nce effectivel y onl y the coati ng to be eval u ated
will contribute to the heating -cooli ng curve and measurement of the final
slo pe i n the heatin g curv e w il l y ield 

~~~ 
Typical heating-cooling curves

will be presen ted and di scussed in relat i on to thermocou ple placem ent on
the bar and 

~ 
given for each film measured .

1 M. Hass , Proc . Fifth Laser Window Conference , Las Vega s , NV (l~i7 5)
* Sponsored by the Office of Naval Research and the Defense Adv iit ed

Research Projects Aqency , DARPA support monit ored by RA[)C/ETS() hin;com
A ir Force Base, Mass i husetts , 07131

** Perria r ient address : Phy~, ics Depart ien t , Uni vei’si ty of Alab ama In
Huntsv i l le .  Hun tsv i l l e , Al a bam a 3~~h i



NOTES

I

I



WDI-l

PARALLELICITY CRITE RION FOR SAMPLES TO BE STUDIED IJS1N (

FABRY -PERtJT I NTERFERENCES

Raoul Weil and Dalia Neshmi t ,

Ph ysics Department and Solid State Institute

Technion , Israel Institute of Technology

h a i fa , Israel

Properties of materials such as the temperature dependence of the index of
3refraction ‘ and the piezo-optic coefficients can be measured by shaping

samples into Fabrv-Perot Etalons . Coherent light is sent through the sample and

reflections from the entrance and exit faces interfere in a mode depend i np on

the optical length of the samp le . For the reflectivity of the faces ~nc depends

usually on the difference in the index of refraction of the material and the

surrounding air. The desired properties are measured by observing the ij ft of

the interference peaks in response to an independent variable such as u ’npera-

ture or pressure .

For the measurement to be successful it is essential that there be good

contrast between the interference maxima and minima . Parallelicity of the

faces is one of the parameters that strongly affect the contrast . Maximu m

contrast L; obtained with perfectly parallel faces . The question to which this

paper addresses itself is what deviation from parallelicity is tolerable if a

useful contrast between Fabry-Perot maxima and minima is to be obt~iined.

For the calculation a sample of the shape shown in Fig. 1 will be assurneu .

0 is the angle that defines the lack of parallelism between the input and exit
faces . It will be seen that 0 is only a fraction of a degree so that its

extent is greatly exagerated in the figure for clarity . Perfect parallel icity

is assumed along the x direction . The coherent beam , of vacuum wave length A 0
is assumed to be a plane wave of dimensions a and b in the x and y

directions , respectively. The beam is assumed to impinge normally on the
sample and to travel in the z direction . The shortest path of the beam
through the sample is defined as 2’c~ 

The material is assumed to be perfect-
ly transparent . In the calculation use will be made of eq. 6 of reference 4
which gives the electric field intensity 

~~ 
transmitted by a parallel faced
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element at  the s ample of length 2. + y O

- ik2. 2
L.1(y) L tAR tBR (e + r C ), (1)

where  I. i s  the field strength in the incoming beam , t~~~~ and tBR a re  the

transmission coefficients of the input and exit faces of the sample , k is the

~a~:c v ec t o r  (k = 
~~~~

- )  and r the reflection coe fficient of the sample surfaces.

In equation 1 the t0erms of higher order than r2 have been neglected. This is

.alid for reflection coefficients smaller than 0.5 where the neg lected terms

amount to less than 10% of the field . The intensity of the transmitted beam

1.~ will be:

h
a I E~ (y) E~ (y) dy. (2)

= a(E tARtBR) 
2 {b ÷ ~~~~- [s in  2k (2. +bS) -sin 2kZ ] } . (3)

By differentiating 1T 
with respect to the angle ~ = 2k2.0 one can find

and I Their ratio will be:
1- m m

22rI. 1 — -—--—— sin kzlb1-m m 
— 

kOb

T-max 2r1 + khb sin k~ib

1i~~. is a p int ni eq . (4) for the case of CdS at A 0 = 10 .3 ~m . The

i gi~ t:ii in units of mm-minutes . It is seen that for these conditions
any l i ck a t  i : i i  •d id i cr ty greater than Thin-minutes causes the ca it ras t be t .ee r r

1 a! i ., LU be less than 1O~~, a~ ing precise measure mertts d fiL i l t
I-max i -mm

I f  ire w t J t h  of the L e n ,  is one mm , t i n  I / 1 ratio is 0 .7 when ti ,  a~~~ei i  max

I ’ ’ ; t n  the nan is I n i l . For the inc contras t a beam width of 2mm c ri only

t a e PI  ii oi an a i c  pa ra]  Id i L~ i> deviation . It also fo 1 Li\ s from 
~~ 

.

t a a t  if t i ,  wavelen gth is re~ ace d say to Ip, the a l l ncai ) l l ick at p;ir. i I  id I —

i i t ~~ w i l l drop te 11 , 1 ifl for a irn beam s i L i t h  i d  ( ( .7 c o i l :  ~t rat io .

i< Ic r e r i c e a

1) R . ~% i  1, J . ‘n p ] . i~ I~~~~; . 
* 

it) , ~~~ 7 ~l9u9 )
. . j  ( .1 .  K icter’ tad A . a v i v , App i . I h ys . Lett cr ~~, 15 , 2h (lt)( ))
3) R. ~\ ‘Ll , 1n ’ ca t:d i’ 1n tcrnat i~~ i a1  ‘~y i p n s iurn an l i e , P. ~~i ‘ i t  aid ~~ .

1, nrli&’ I c~1s , 5t  i i~~ June 2 11- ~() ,

I )  R . i~~il , .1 . ~~~~~~~~ 
t ’ ~~y’s ~ 1: , ~ I2 , j O L t
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10.6 pm ELLIPSOMETER MEASUREMENTS OF
REFRACTIVE INDICES OF IR MATERI A LS *

M. [. Pedinoff and M. Braunstein
Hu ghes Research La boratories
Malibu , California 90265

0. M. Staffsud
Engineering Depart iL’ a

University of California at “s A ngeles

T ue re fractive index of KC1 , ZnSe and CdTe were measured using a
modulated li nt ellipso nieter under devel ‘ -nt at Hughes Research Laboratories.
These re sults were obtained after opti ca~ modification of the instrument ’
to eliminate signal instabilities and an’ , lar alignment errors of the order
of several percent each. These modificat r c -i s consisted of replacement of
the wire grid polarizer and analyzer set .‘th a Germaniu ia Brewster ’s
Angle polar izer and analyzer set, and inst all ati on of a half angle sample
drive 2 which automatically positions the sample at an ang le equal to half
o f the an gle subtended by the arms of the ellipsometer. A brief review
of the modulated light ellipsometer equations is given including an ex-
perimental error analysis based upon perfect fi cal components. The results
of thi s anal ysi s allow us to predi ct angular ~surenrent ranges which produce
the smallest errors for spec i fi c refractive ii x values . Ell ip sometri c
refractive index data taken on KC1 and CdTe cr y sta l s under these analytically
predicted optimum measurement conditions agrees with published values
for these materials within 0.7~ and 0.03~ respectively. The ZnSe refractive
index data deviates front the published value by 2 . This leads to the
specul ati on that the refractive i ndex at the su rface 3 may differ significantly
from that of the volume due to either adsorbed surface l ayers or to surface
damage phenomena.

Ellipsometer measurement of the refractive indices of films ot Ln~r’
arid T h F4 will Le presented along with an analysis of t i :  measurement
d CC uv i c y  (f trw ;yate for single laye r films .

s p r i ~ i - t  c, De ’ n~e A Lanced Resear c h 1r ~ects A a t c .y  , monitored
l y RAUC LItU , Ha ri co~ A i r  Force Lise , Mas sa c liti ’it t S .  ~ fl ; also
a4p ~o rt l t by Hug he s P t  - ~‘i t t Co n ip tri, ’ s I r ~dt ’~ enden t Resea~a h
flev elopr’ i~’nt 
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A BRDF M E A S U R I N G  I N S T R U M E N T

F. 0. Bar tel 1 , A. G. DeBel 1 , D. S. Gondrair
J. E. Harvey, W . L.  W i t

Optica l Sciences Cent er
The Un i versity of Arizona

T ucson , Arizo na 85721

An i nstrument has been b u i l t  for measuring the bidirect i onal reflec-

tance distribution function (BRDF)
1 ’2 for radiant energy reflec ted from sur-

faces . This instrument features wide ranqes of measurement conditions and

simple mechanical construction.

The refl ection of electromagnetic radi at i on from surfaces is a sub-

jec t of increas ing theoretica l and experimental int e rest , and the BRDF

pr o v i d e s , one of the best ways for describing the reflected energy. The BRDF

is a fianci. io n of four angular variables--the elevation and azimuth of both

the incid ent and the reflected rays measured from the surface of the samp le.

The i nstrument is shown in Fi g u r e  1 , and it is called BRDFR I (BRDF

Recording Instrument). The geometr y of BRDFR I is based on the idea of one

f the authors (D.S.G.), that the inc i dent and re flected rays in te r~~ ct at

the sampl e , so these two li n e  define a p la ne; and this p lane can  always be

kept hori zon tal. BRDFR I has been b u i l t  with each source fixe d except for

provision s lu accomodate pol arization rotat ions. The detectors move onl y

in a hori zont al p la n - ’ ,o t h e r e  ~s no problem LI s p i l l i n g  l i quid coolants.



I—!

The iop les are g iven three degrees of angular rotation to provide the an gular

motions that would otherw i se be provided by more cumbersome motions of the

source and detector.

For BRDFRI ‘ s opera t io n , t he an g u l a r  pos i t ions  of t he so u r ce , det ector

and samp l e do not correspond to the four BRDF angles dir e ctly, : it must be

related to the a by mathematical transformations. This requirement is act by

choosi ng BRDF ang les i n advance and the n calculating the corresponding instru-

men t ang les  necessa r y for making the desired measure rients. A better way to

h a n d l e  th i s a ng u l a r  t ra n s forma t ion r e q u i r e m e n t i s  to p r o v i d e  rea l  t ime comp ut e r

control for BRDFRI , and we are in the process of setting up that capability.

I t w i l l  then be possible to command a sequence of measurements in BRDF ang l e s ;

and then the computer control w i l l  perform the transformation to instrument

ang les , s t ep the i n s t rume nt throug h t he d e s i red pos i t ions , record the de t ec tor

readin gs at each data point , process  t he da ta , and p lot the results accordin g

to an appropriate format.

BRDFR I fe atures include :

(1) Wide ranges of measurement conditions including variat ions in

all four BRDF angles , and i nterchangeable sources and detectors.

(2) Si mple mechanical construction with the c a p a b i l i t ~ fo r  h a v i ng

seve ra l  so ur ces per mane nt l y i nstalled and ali gned , and detectors moving only

in  a h o r i z o nta l p la ne.

(3) The capability for  the  rap id meas urement of large amounts of

da ta with computer contro l for programming experimental sequences; and real

t i r e  pr ocessin g and recording of BROF data.

1. Fred E . Nicodemus , Ap p l . Opt. 1~, 767 (1965) .
2. F. E. Nicode mus , Appl . Op t. 9,  l~+74 (i970) .
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TOPOGR APH l \i iNVESTI GATION OF THE VAR IATIONS IN STOICHIOMETRY T~
Hg C l i e  u S I N G  ELECTROLYT E ELECTROR E FLECTANCE

l-x x

P . F  .Vanier , Fred H.  Po l lak  and Paul  M . Raccah

Ph ysics Department
He i f e r  Graduate School of Scienc e

Yeshiva University
New York , N .Y . 10033

We h ave d evel oped a uniq ue app roach for  e v a l u a t i n g  the topographical

variations in stoichiometrv across wafers of Hg Cd Te utilizing electro-
l-x x

lvte e l ec t ro re f l ec t ance  (EER) . The method ~s non-destructive and can he

employed at room temperature . The technique is sensitive enough to de-

termine changes of composition Ax ~ 0.002 for samples in which

x ~ 0.2 - 0.3 with a spatial resolution of about l50,~. This approach has

a number of advantages over the microprobe techniq ue .

The energy of features in the optical spectra of alloys of the type

A 1 B C (Hg
1 

Cd Te, Ga1 Al As , etc) depend on the composition , x , in a

continuous way. Therefore , by measuring the changes in energy of a par-

ticular optical feature utilizing a small scanne d light spot the varia-

tions in stoichLometry, Ax , can be determ ined across the face of such a

material. EER is particularl y suited to such an investi gation since it

yields a sharp optical structure at r c m  temperature , can be performed

on a free surface (i.e. nothing need be deposited on the sample surface

to apply the electric field) and hence is non-destructive . The mos t

convenient optical feature for our purposes is the E
1 

peak s ince i t gives

the largest FER signal, is in the convenient 2 eV range and its depe nd-

ence on composition is known.’

Standard EER was employed with an elec trol yte consisting of 1 part
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conic. !1N03 to 5,000 parts methanol , by volume . Li ght from a monochro-

mator was focused to a spo t size of about lSO~.i on the sample by means of

an f ’l.8 camera lens . Spectra in the vicinity of E
1 
were taken with the

light Spo t on one p or t i o n  of the s ample , the sampl e was  then moved by

me ans of an X -Y s tage and spectra taken in the new position . Step sizes

were 200~. in the horizontal (X) d i r e c t i o n  and 400 ,. along the vertical (Y).

The shift in the spectra was then correlated wi th the known composit ion

dependenc e of E
1 

in order to evaluate the chang e in composition , Ax.

Samples were provided by the Santa Barbara Research Center.

Shown in Fi g. l is a contour map of the variations in composition

~~ of sample WK-2 (unannealed) as displaye d by a Tektronix 4051 Basic

Graphic System and reproduced by the hard  copy u n i t .  The contours

~~~~~~~~~

I 

D ~~~~~~2
’O 3 ~0 C

X (mrnl -

Fig. 1. Contour map of the variation ti-i Fig. 2. Perspective drawing
composition Ax of Hg Cd Te of 3-1) representation

l-x X of the same data usedsample WX-2 (unannealed). The 
~ Fl ~nom (n..l value of x is 0.21, and 

fl g .

the contours are at intervals
of Ax = 0.005.
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30 
~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

B

Dq

D 10 20 3.0 C
CX(mm)

Fig. 3. Contour map of Ax for sample Fig. 4 . Perspective drawing of
WK-4(annealed). The nominal 3-fl representation of the

value of x is 0.31 and the same data used in Fig. 3
contour interval is Ax = 0.005

are at intervals of Ax = 0.005 and the
B

and the nominal value of x = 0.2l. The

corners are labelled ABCD . In Fig. 2

we show a 3-dime nsional projection of 
C

the contours of Fig. 1. also made by

the Tektronix sys tem . The sample is A

quite uniform in the uppe r right hand

corner with a depressio n about midway

along AD. The contour map of the D

variations in composition Ax of sample

WK-4 (annealed) is displayed In Fig. 5. The same data as in Fig.4 ,
rotated 90 degrees .

Fig. 3 with contours at intervals of

Ax = 0.005 and a nominal value of x 0 31. The 3-dimensional projection

of the contours of Fi g. 3 are shown in Fig. 4. FI gure 5 is the 3-dime nsion-



al p roj e c t io n  r r t . - , t ( 1 by 900 iii relation to FIg. 4. The large depression

in the upper right hand reg ion of Fig. 3 is probably due to a grain hound-

arv 5r r other gross defect.

~5T e have demonstrated the ft as [hilitv of determining the topographica l

variations in Ax in h g  Cd Te utilizing electrolyte electroreflectance .
l-x x -

Th is technique  is al so  applicable to other semiconducting alloys of interest

su ch as Ga Al As , In As P , etc.
l-x x l-x x

This research was sponsored by the Air Force Office of Scientific Research ,

Air Force Sys tems Command , USAF , under Grant No. AFOSR-74-2714B. The Uni ted

States Government is authorized to reproduce and distribute reprints for

Governmental purposes notwithstanding any copyr ight notation hereon .
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INFRARED TECHNIQUE FOR OBSERVATION OF SUPERCOOLING

Edward M. Alexander
Naval Research Laboratory
Washington , D.C. 20375

We are present ing here a technique for studying super-
cooling of materials in cap illary tube s by measur ing infrared
emission as a probe for monitoring temperature . The phenomenon

of supercool ing is observed for liquids in narrow enclosures
where the material remains liquid while cooling below its

bulk melting point (T
m
) until a nucleation center forms

whereupon a significant frac tion of the material suddenly
solidifies resulting in a liquid-solid mixture at T~~.

Supercooling of a liquid in a c a p i l l a r y  tube is

trad itiona l ly  stud ied by inser t i ng  a temperature  sensor

inside the tube . This has the disadvantage of placing a

foreign body in the material under study which could act as

a nucleation center or otherwise obscure the phenomenon . In

addition , the sensor technique permits study of only a
single point in the material and necessitates physically
mov ing the sensor through the material to study a di fferent
part. Our infrared technique involves plotting the infrared
emission as a function of t ime from the liquid , and thereby

drawing a supercooling curve . This infrared technique

avoids the difficulties of the temperature sensor method

since noth ing is being inser ted  in the mater ial and d i f f e r e nt

parts of the material can easily be studied by reposi t ion ing

the capillary tube within the field of view of the infrared
imager.

To demonstrate this system we chose to look at super-

cooling of Bar ium Hydroxide Oc tahydrate (BaOH) in a
polye thylene capillary tube of inner and outer diameters .35
and .8 millimeters respectively. Polyethylene was chosen

because it is reasonably transparent between 8 and 14 microns

where these measurements were taken .



The infrarud emission was monitored with a Barnes

I n f r ~i red Mi c r o s c a n n e r  o p e r a t i n g  between 8 and 14 m i c r o n s .

The in st rum ent  wa s used in a s ing le li ne scan mode where a
scan was taken across a line normal to the axis of the tube

resulting in a disp lay of infrared emission vs distanc
along a direction normal to the axis of the tube . The

material temperature inside of the tube varies with its

infrared emission and therefore with the amplitude of the

d isp lay .  Th is amp l itude can be outpu t as a voltage at the

rear of the instrument. The voltage is fed into a box car

i n t e g r a t o r  which is gated over a narrow region at the peak

of the vol tage scan corresponding to the center of the tube .

The output from the box car in tegrator is then sent to a
recorder where the ra d iat ion from the mate r i a l  is displayed
as a function of time .

A typical cooling curve from this system is shown in
Figure 1. The tube with the salt material inside was
heated above the BaOH melt ing point (7 8°C) and then allowed
to cool in air. The material supercooled below the melting

po int  bu t at approx imate ly  14 seconds suddenly par ti a l l y
f roze  wi th the temperat ure of the liquid solid mix tu re
j ump ing to Tm~ 

The salt rema ined at Tm un t i l  complete ly
frozen and then cooled toward room tempera ture.

A method has t he re fore been demonstra ted to mon itor the

supercooling processes without plac ing a fore ign object ~n

the liquid which could affect the experimental results.
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FTGURE 1-Cooling curve of BaOH displayed as infrared

irradiance (in units of rnw/cm2/ster) as a function of time .

The mater ial cools below its normal melting point (ind icated
by the dot ted line) and then suddenly part ially freezes at
14 seconds ’ with its temperature j umping to T

m~ 
It remains

a li quid— solid mixture at the melting point until 21 seconds

when it is comp letely frozen and then cools toward room

temperature .

~~~~~~~~~~~~
. —- —~



NOTES 

. .- — - ..~ - ~. . ~~~~~~~~~~~ 1- . - ~. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~-.
-.-,- -.,

~

-— 
..- —--



~l 1— 1

DE l E RM INA T ION OF THE OPTICAL PROPERTIES OF l’F1~~
•
~ FILMS

F. ABELES
L a b o r a t o i r e  d ’ O p t i q u e  d e s  S o l i d e s  r

U n i v e r s i t e  P .  e L M .  C u r i e
7~~~30 P a r i s  C e d e x  05
France

The determination of the o p t i c a l  properties of metals in the

infrared is a problem which did not receive yet a satisfactory

solution. This is due to the ir hi gh r e f l e c t i v i t y  in this spectral

reg ion. We show here how one can take advantage of the attenuated

total reflection (ATR) techni ques iii order to determine the optical

constants of thin films (a few hundred ~ng stro i :~s thick , i.e. having

the bulk metal properties) or of bulk materials. For very th in films

(thickness less or equal to 100 A) other methods can be used , as ,

for instance , reflectance and transmittance in normal incidence.

Problems related to the experimental techniques will be discuss ed

and some experimental results indicated.

For low absorption materials , which are quasi—transparent in

contradistinction to metals (which have also low absorp tion ) A T R

techn i ques can be efficiently used. The advantage of the method is

th at it avoids the usual reflectance and transmittance absolut e

mea surements and are  based on a kind of diffe r e n t i a l  mea surement ,

the accuracy of which is relatively hi gh. The theore tical discussion

wil l be followed by experimental results concerning the absorpt ion

edge of amorphous germanium films .

f Equipe de Recherche Associée au C .N.R .S .
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Finall y, the po~~s ib i1 i i ies of detectin g and measuring the

opti cal chara cteristics of adsorbed layers on metal surfaces w i l l

be dis cussed. The point in case is that this method does not require

nearl y grazing incidence multi p le reflections , but uses the

modification of surface electro magnetic waves due to the presence

of the adso rbed layers.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



R1~ LLVI,ECTANC E MEASURI~1E NTS OF PHOT OMETRI C

~ I’AN I)ARDS A- ~D COAT I NG S -. 11

W. G. gan  and T. H i l gema n , Rese ar ii D e p a r t m e n t
Grumman Aerospace  ( o r p o r a t i o n

South  Oys te r  Bay Road , Be thp age , New York 11714

An inte res tin g, i n f r a r e d  o p t i c a l  p henomenon has  been observed , t h a t  of
r e t r o r e f l e ( - t a n c e ;  this is the r e f l e c tan c e  of a s u r f a c e  w i t h  i l l u m i n a t i o n
vollirnated and coincident with the observation direction . Observations
h e t w e e n  0 .6  and 1.105 ~im hav e been made w i t h  low coherence  ( i n c a n d e s c e n t )
i l l u m i i i it  ion. Initial measurements were reported with a combined colli—
n it ion and sensor acceptance angle of 1

0 (Ega n and Hi l geman , i~pp l . 0 ~p t . l S ,
1o45 (1976)). The results indicated an opposition effect of approximatel y
1.5 for diffuse paints and photometric standards at normal incidence. The
opposition eftect is defined here as the ratio of the retroreflectance of
a su rf ace to the diffuse reflectance for the same surface at a 30 scatter—
jug, angle. Laser illumination at 0.6328 im revealed up to an order of mag-
nitude great ’r opposition effect for the same surfaces and sensor acceptance
itigl e. An existing theoretical explanation was satisfactorily app lied to
the non—coherent opposition effect , but none existed for the laser effect.

We have subsequentl y made retroreflectance measurements on the same
samples with a combined collimation and sensor0acceptance angle of 0.1

0 for
a vari ation of incident angle be tween 0 and 60 in the same wavelength range
using the previousl y des cr ibed techn iques. The results indicate an addition-
all y enhanced ogposition effect with laser illumination for the smaller accept-
a n c t -  angle (0.1 ) over the larger (1 ). This opoposition effect is especially
si gnificant in photometric calibrations using laser illumination when obser—
vat ions are made close to the incident angle.

‘~~i have developed a theoretical analysis for the coherent radiation
opposition e fi e c t  based on an analogy with a diffraction grating. The fact
that the opposition effect increases with decrease in sensor acceptance ang le
lends credence to an interferome tie explanation . Also , since the observed
enhancement of the opposition effect is stronger for the darker diffuse sur—
i a C eS , t h e  lack of multiple scattering by the surface in the retro direction
must be a lact or in the enhancement. These factors are included in the theory
to he presented.

We are also inv es ti gating the wavelength dependence of the opposition
e f f t - e t  at laser wavelengths of 1.152 and 3.191 pm , for the same samples ,
v i e w i n g  g e o m e t r i e s , and sensor acceptance angles in order  t o  check the the o-
r e t i c a l  ana l y s i s .
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S t u d y  of O pt  i - a l  T r a n s i t i o n s  in  D i s o r d e r e d  T l i k n  F i l m s  of  Ion Ic Com; ounds
as a Fu nk  t . ’n of C o n d i t i o n s  of P r e p a r a t i o n , A.  P , ; I r r i~~r ( , and A .  i~~~u T i t e r ,
i . a h a i t o i r - Ic R e c l i & ’ r & - i i t -s en I-lis t r o t e i - l n i i q u e  c t  P h y s i q u e  du  So~ He ,
Un i ver s  it ~ de Bordeaux  I , 35 1 , (Tours de La L i b e r a t  ion , 33405 T i
France

The AIF 3 and Mg F 2 t h i n  f i l m s  a r e  prepared by v a c u u m  t h er m i c

1- ’ ,lporation and sublimation. The temperat ure of t h e  s u b s t  r a t e  a t  t h e  sam e

i o n e nt  of the deposition of the vapours and their velocity of condensa-

t i o n  remain the prin ( ipal parameters of the fabrication . The e s t a b l i s h

the state of crystallization of the layers (determined by X—Ray diffra c-

ti on), the t ime of the preevaporation of the powder and the nature of tile

crubible on wich depends the composition of the samp les (measured by retro—

d i f f u s i o n  of a p a r t i c le s  and a .X  r e a c t i o n s ) .

In a l l  our samp le s , we fo u n d  some q u a n t i t y  of sod i um . The

presenc e of t h i s  e lement  can he exp l a i n e d  bya p r e f c : c nt i a l  evapora t ion ,

in the beginnin g of the fabric -at ion , of some fluorine compounds contai-

ned in t h e  basic powder. A p r e e v i p I  r a t  i o n  of the last one before the

reception of the vapours permits a huge reduction of the ~ i/>lg or Al r a t i o .

The ana l y s i s  shown , morever , in the layers , an absence of

fluorine which follows the evolution of the sodium tenor . It is from

tin- se anion defecienc ics tha t one can interpret t i l e  e l e c t r i c  conduction

under the initial vacuum .

On p lac i ng the samp les in the atmosp here , we can observe an

absorption of water , followed b y a d i f f u s i o n  i n to  t i l e  thin film. This

mecan ism correspond s to a filling up of the majority of the fluorine d~’ f e —

ci cue ies by 0H ions . This is il -t ee ted by a St  iid y of the m t  rani o I ecu lar

vibrations of the system (Infra Re d ab s o r p t  ion ) . This proce ss  of  d j s t  r i  —

hut ion expla ins the el cc tr i c s t a b  i i  i sat i on  phenomena wh i ~i i u c ur  on r l - i—

cing the films in the atmosp here . It can a l s o  exp l ain the d i ft ~~~ent eon—

h o  t i V i t  ies observed in coming hack in vacuum .
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T u e  s e v e r a l  m c i - ; l n i  sin s 01 conduct jofl c o n s  i - t i - i l , ;tss Itrr i t h e

existence of a h i u t l i l i t l e e  f l o c i l  ised slates (c uilo mbi &n cent r i-s and traps) .

The charac t etizi ti o n i f  t h ese  s l i t  i s has been m a ll- I r n  the examinin g t o —

i c t  i c r  • hermolum l i-i c -i - i t i C  e of t lie t Ii in f i urns and t henn a  E l y St irnu l i t  ed

currents of t h e  s a n d w i c h e s  inet a l — M g F .~ or A 1F
3
—m& t al

l’hi s s t u d y  sb us , m ori v e r  , t ha t  t he s h o r t  d i  s t a n c e d i s o r d e r

w h i c h  c h a r a c t e r  izes  t i l l  ma t  en ia l  s ~n b u l k  i s  t r i t e  in t i e  t b i n  f i l m s  even

in t h~ c ase  whe re  t h e y  i r e  s t r o n g l y d i s o r d r ed . Then , one i t u  c -o n s i d er

some d e l o c a l  i s a t  ion of the c a r r i e r s  of t h e  c har g e s .

In a domain  of i n c i d en t  r a d i a t i o n s  of e n e rg i e s  of b e t w en

1 . 5 eV and 15 eV , a s tud y of o p t i c a l  a b s o r p t i o n  as a f u n c t i o n  of t h e

degree of c ry s t a l l i z a t i o n  and of t h e  c o m p o s i t i o n  of t he  samp l e s , shows

t h a t  t he  i o n i c  compounds  s t u d i e d  can be d i s c r i h e d  by a d i a g r a m  of energy

hands , a l t e r n a t i v e ly a l lowed  and f o r b i d d e n .  The n o t i on  of delocalisation

1 t h e  c a r r i e r s  in t he  a l l o w e d  band s can s t i l l  be c o n s i der e d , even in the

case where t h e materials p l c - s en t a st  r o l ig  d e g r e e  of disorder. Elsewhere ,

t h i s  s tud y g ives rise the homogeneit y of the films. In t i l e  basic matrice

(N1 F
2 

or A1F 3
) ,  some i n c l u s i o n s  of N t  M T -I

3 
( OH) or Na A 1F 4 (OH) coex i s t

in state of mixture after the samp les i n the atmosp here.

i vaporation or subl imation f r o m  a t a n t a l u m  crucib le l ead s to

S m e  new TaO 2 F inclusions.

The ana l y s i s  of 1)1 )1 ic a l i i s r p t  ion spi t r i  a l l o w s  t h e  c h i r u t e r i —

zat ion of f u n d a m e n t a l  t r a n s i t  ions  between t h e  l a s t  occup i i i  S t  i t  k s  of anions

and the f i r s t  empty  s t a t e s  of cat i o n s  of t h e s e  ma ! i n i l l s .  The 1 - i t  t e n  have

weak j f l t  ( r i c t  i o n s  between ca-h other in the boundar y z o n e s .

Some i m p o r t an t  v a r i a t i o n s  of  t hi c fund -ic -u t ;il i d t  and he appea-

r a n c e  of wide absorj t ion tails are a e o t l s c - q i i t - i l  i U I  I n ’ !  i s i n g  S t  I ii tur-d

d i s u r l e r , n of lie n u m b e r  i f  t h e  i n c  l u s i o n s .  These  p hen omenas  can involve

the crea t i n  of m t  - r u  I d c i  t r i e  f i e l d s  a c t i n g  is a hr ’ iilen ing of the

st a t  i s  in t he ho ru i t ~ o f  ii - all owed bands.

This stud y g ive s, a t  last , a qualitative repres ent it ion of the

d i s t  ributi e ’i of the l oc i l is€ - d s ta t -s in  the 1 ‘~hidden g a p .  T h i s  result

served as has i a f o r  the jut t-r i t - t it b i t  i f the + c t  r i conduct ion mecani sms

in t h e  mater ials.
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INFRARED IMPUR ITY AND FREE-CARRIER ABSORPTION
IN SIL ICON-SILVER FILMS

S. 0 . Sari , P. Holl ingsworth Smith and H . S . Gurev
): ti ca l Sciences Center , Universit y of A r izona , Tucson , Ar izona 85721

SUMMARY

Electronic , vibrational , and impuri ty transitions , as well as free carrier

abso cnti on , can lie s tudied op t i ca l ly  in a semiconductor f i lm on a metal sub-

s t r a t e .  —~e have examined a number of such f i lm combinat ions produced by chem-

i ca l - vapo r  deposition of silicon on evaporated silver surfaces . These silicon

layers are disordered and have thicknesses vary ing between 0.5 ~ and 5 i~. They

have been investigated in a wavelength range of 0.3 ~ to 15 u . Below the fund-

amental absorption edge ij~~re silicon becomes relatively transparent , multip le-

beam interference is observed. A typical spectrum is ‘jiven in Fiq . 1 , which

shows a sequence of reflec ti vity curves versus wavel ength for si l i con la yers of

increased thickness. Reflectivity minima belong to fringes of various orders .

Near 9-p in this reflectivity spectrum the depth of fringes increases and a

sp litting is observed within a given order. A detailed analysis shows that

this behavior is due to the presence of an impurity transition which is coup led

tu electromagnetic normal modes of the silicon l ayer , i.e. a polariton in the

fi lm . I t has been necessary to calcul ate the polariza tion in the fi lm quan tum

titec hanically, and we have included both oscillator damping and free carrier

conductivity in our treatment. An exact expression fur the film reflectivity

i s used as a basis for a detailed numerical comparis on of a one oscillator

m odel to re~ 1ect ivity line shapes . A sequence containing a number of individ-

ual fi lms yi el ds good agreemen t in this compar i son . Th i s g i ves values for

several silicon parameters whose meaning will be discussed. These measurements
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are compared to those in bulk crystals of silicon. The film conductivity de-

termined in the present measurements is small though the free-carrier concen-

tration is sizeable indi cating disordere d silicon i n wh i ch the carr i ers have a

very small mean-free path. The transition responsible for the 9-p absorption

is well -known and has been studied by Brigqs , Fan , Ka iser and others . It is

known to be due to an oxygen impurity in silicon. A number of interpretation s

have been proposed for exp lainin g the nature of this transition. Comments will

be made on these models in light of an observed ano tmtal v in its oscillator

strength.
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S l l f l A ( E . ( ; u I I ) 1- : D A N D  IN TF :Rr - - l - : R I - :N C E  I - ; M - W A V } - ; S  IN A l l  I - N ~~A l  l T D
‘ F I - : W N A  I. R E F L E C !  I O N  ( A I R )  PRISM SI J -T CTR OS COpy ~

A.  H i o r t s b e rg ,  W . P. Chen  and F .  Burstein

i~epa r tm e n t  of Ph y s i c s  and the  l a b o r a t o ry  f o r  R e s e a r c h  on the  S t ru ct  or e  of
M a t t e r , I n i v e r s i t y  of P e n n sy l v a n i a , Phi ladelphia , Pa. 19 1 7- I

S u r f a c e , g u i d e d  and i n t e r f e r e nc e  (F ’ a b r y - P e r o t )  I - T M - w a ~ - e s  o c c u r ri n g

in t h re e - m e d i a  p r i s m  conf i g u r a t i o n s  a r e  examined. It is shown that AIR-

Sl )t ( t roscopy in which one or more of these modes are excited , gives en-

hancement of fields and increased interaction lengths at the interfaces of the

s I c c i f i c  prism configuration. As a probe of s u r f a c e  and thin f i lm p r o p e r t i e s ,

A I R - sp e c t r o s c o p y  can be m o r e  s e n s i t iv e  than  sp e c t r o s c o pic techniques using

~ uulurrie i-TNT —waves.

T h e  s u r f a c e , guided and i n t e r fe r e n c e  E M - m o de s  of the  t h r e e - m e d i a

conf igurations occur in different frequency and wave vector regions. A s ing le

r i s m  is used fo r  the  exc i t a t i on  and de tec t ion  of these  modes  in e i ther  the

IT retschmannW prism-dielectric film-air structure (Fig. la) or the Otto~~

pri sm -air-dielectric configuration (Fig. ib). The types of leaky modes that

occur in the two configurations are shown in Fig. 2.

,_ ,‘ / / // / /  /

KRETSCHMANN OTTO

( a )  (b )

Fi g. 1 1 retschrnann and Otto three-media configurations used in AIR-
spectroscopy, (3 ~ 2 0.
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1-h g. \\ a v e ve c t o r  and  f r eq u e n c y  r c- ~~iim~ where leai~v surface (151 ,
leaky guided (LG). and interferen ce (I) EM-modes occur for
th e I-~ ret schmann and O t t i i  pr i s m  c o n f i g u r a t i o n s .  I h i  

~
, t 2

and -~-1ines represent the dispe rsion relation for volum e )~~ -
waves in the three media.

Excitation of the modes occurs when the  w a ve v ec t o r  p a r al l e l  to the

surface and the frequency of the volume EM-wave in the prism match those

of the modes . This is in contrast to conventiona l spectroscopy in which onl y

frequency is matched. Ihe mode dispersion relation derived from AIR-

spectro scopy as well as the excit ation resonance width and r n agn P u d e  con  t I -n

provide rn o rt  detailed information about tim e involved ri ~ ‘ia . Ai W —s pi t

scopy goes beyond att i - t i n t i - r i  total reflection (A TIfl spect ros-~ooy in  that one

nral<es use of tlii- 4-Nc ~i t ; i t o , f l  of ni ’dvs i t  a n m ~ies  of inc i d~ i - c  I t l o w as well a’~

above the prism -air criti c- al ang lo.

I-: xl~~ n 1r1 & r t a l l y one monitors the retl ’ c-I eit Intensity e th er fi - uti tb

t~~ : i t a t i o r i  r e g i o n  or beyond the ‘ exc-i t at ~ee- reg ion , ’’ whereas 1 a iises from

radiati -~ decay of the free— running wave.~
3
~ I)ata is obtained citim ~-r as a

1- n etn in of incident ang le in fixed frequency. or r n -  fixed a m~ Ic fr i -qu eue 
~

Si . d s. \ arious ‘-x aiii p l - s  ot the iso sit rxa -~ , euided and jut t ’ j , - r - t
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modes  in  A I R  prism c o n f i g u r a t i o n s  fo r  the investigation of thin film s, sur-

faces and interfaces will be given.
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F\’A LUATION OF THIN F I L M  COATINGS BY
*ATTENUATED TOTAL REFLECTION

R.T. HoIm , E.D . Pal ik and J .W. Gibson

Naval Reaearch Laboratory , Washington , D.C. 20375

and

M . Braunstein and B. Garcia

Hughes Research Laboratory , M a l i b u , CA 90265

We hive made a number of calculations of ittcnuated— tot al—reflection

(ATR)  s p e c t r a  of t h i n  f i l m s  on a b u l k  s u b s t r a t e  in orde r to d e t e r m i n e  the

o p t i m u m  c o n d i t i o n s  under  w h i c h  ATR should be done to determine the film

a b s o r p t i o n  constant. While  real a n i t r e f l e c ti o n  (AR ) coatings typicall y con-

sist of two or more films of appropri ate indices of r e f r a c t i o n  and th icknesses ,

we start first with one film on a s u b s t r a t e .  Depending  on the magnitudes of

the indices of refraction of the two materials , interesting ATR effects occur

f o r  both s— and p—polarized radiation as a function of the angle of incidence

inside the bulk . In some cases , as the angle of incidence increases the

evanescent wave switches from the film—air interface to the substrate—film

i n t e r f a c e . I n t e r f e r e n c e  fringes in the film appear -yhich depend on t h e

absorption constant of the film and are not present if there is no absorotion.

In tvp i -al ATR experiment a trapezoid of time substrate material is used t o

obtain multi ple reflections , often as man y as fifty. Our calculations indicate

t h a t  in an optimum case of a ThF
4 

f i l m  2 pm thick on a ZnSe trapezoid with 50

reflections , with the internal angle 31.50, w i t h  s— p o l a r i z a t i o n  at  ii wave-

length of 3.8 pm and a peak absorption constant of 10 cm ’, t he  AIR is  O . 2 ~~.

For an absorption band with a peak absorption - on ;ta nt of  1 cm
1

, t h e  \Ti~

stales to 0.85, still a large effect.

*Supported In p a r t  by ONR - l i t  en at Sc len -s ~i v  h i-i ion i in cl  l )ARP A mor t i t o t e d
by RADC/ET .
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I I  ails i ci U li ( lc  rw~iv to meas ure  the  OH and CII vi b r a t  ion h - i n t l  a at 2. 9 urn

and 3 . 4 em in s i n gl e  f i l m s  of Zn Se and ThF 4 on CaF
2 trape zoids in an attempt

a d e t e r m i n e  tim e absorpt ion constant qitant i t a t  i v e ly . The m a i n  p rob lem so f a r

m a o  been to s-hieve a c 1cm trapezoid surface f r e e  of m e a s u r a b l e  OH and Cii

vi th t imi - pr eoLmi t sen sitivity of the experiment. Plasma cleaning , vacuum

b a k i n g  and t i l t  r asoni  c c 1 c m  it i g  have been tried b~ t r e s i d u a l  a b s o r p t i o n  as l a rge

as ~~ f o r  Oil and 2% f o r  CII is s t i l l  p r e s e n t  on t h e  t r a p e z o i d s .  Once this con-

tamination is m i n i m i z e d , a b s o r p t i o n  in  f i l m s  l a i d  dow n on h e a t e d  and u n b i e n t e d

substrates will be s t u d i e d .  W h i l e  the main thrust of thc p r e s en t  effort is to

produce films with m inimal absorption at 2.9 and 3.4 - rn , time sensitivity of

the experiment also allows us t o  search for vibration bands of other contami—

mints.

C a l c u l a t i o ns  for a double  layer AR - e a t i n g  i n d i c a t e  tha t i t  is probably

ti ot f e a s i b l e  t d e t e r m i n e  the i n d i v i d u a l  a b s o r p t i o n  losses of each f i l m  in t he

double l a y e r .  This (-an better by done on time single films as evapora t ed  on

individual substrates . However, the total absorption in a double layer could

i n  d e t e r m i n e d .  The double—la yer calculations also in d i - mt e interesting

r e s o n a n c e — l i k e  losses in  t ime  film layers as t h e  i n t e r n a l  ang le  1 i n c i d e n ce  is

increased. Tine r esonances are e x t r e m e l y sharp  in an g l e  ( 0. 50) and depend on

the v a r i o u s  pa rame te r s  of the  two f i lms  and the s u b s t rat e .  For ii film of inter—

medi ate index on a film of low index on a s u b s t r a t e  of h i g h  index , t he se

AIR losses r ep r e se n t  t i m e  l a u n c h i n g  of a guided wave in the outer intermediate—

i n d e x  f i l m  in  m manne r  ana logous  to i n t e r g r a t n -d o p t i cs  t e c h n i q u e s .

We thank > 1. Hass f i r  he l p f u l  d i s cu s s i o n s

____________________________  -J
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TEMPERATURE DEPENDENCE

OF THIN FILM POLARIZER

by

D. W . Ricks , S. Seitel , and E. A. Teppo
Nava l Weapons Center
China Lake , CA 9V155

The recently developed thin film dielectric ooiarizer (TFDP)
is efficient and resistant to damage at high power levels , By
coatin o a glass substrate with layers of dielectric materials
of a l t e r n a t e ly high and low index of refraction , manufacturers
have achieved 99% or better polarization efficiency and damage
thresholds  of more than 20 GW/cm 2 . The trend today is away
from t he  limited suoply of expensive crystal polarizers and
toward the less expensive TFDP.

Figure  (1) shows r e f l ec ted  “ p” polarization as u fn n ~~t i on
as inc ident  ang le for two separate TFDPs. It will be noced ~hat
the “p” polarization curve has a definite minimum reflectance
which we call “R min ” at the “polarizing ang le ” . The prob !er~
with TFDP5 is that due to the steepness of the “p” polarizatH on
curve , the performance  of the TFDP is o f t e n  very sensit ive  to
small changes in the polarizing ang le or in Rmin . We testr -~
six (6) TFDP5, two off—the—shelf samples fom each of three
manufacturers. We found that every TFDP exhibited both tem-
porary and long-term changes in the “p” reflectance curves as
a result of a change in ambient temperature. The temporary
change was a decrease in the polarizing angle with an increase
in temperature ; the values were 1.7 mrad/l° C , 1.3 mrad/° C
and 0.65 mrad/l° C for the three manufacturers.

There were two long-term changes in the “p” r e f l e c t a nce
curves due to temperature cycling . The first of these was an
increase in Rm~ n as shown in figure (2) for one sample . Also
shown in the figure is the second long-term chanqe , a res idua l
polarizing ang le s h i f t  upward a f t e r  a r e tu rn to room temperaturo.
This shift was observed in all TFDP5 tested .

The temporary chanqe is probably due to a chanqe with temper-
a ture in the index of refraction and thickne ss of the thin f i lm
materials. The second type of change is lonqer iastinq , less
pred ic tab le, and could be accelerated by the application of heat.
“iili tary systems using TFDPs typically underqo temperature
cycling during acceptance testing and this may siqnificantly
vary the performance of the optical system . Though the sample
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size was small it is f air to say that reproducibility is still
a significant problem and thermally dependent properties of the
TFDP r e s t r i c t  the  use of t h i s  new componen t .
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1t~FRARED LIGHT - CATTERING FROM SURFACES COVERED WIT h
MULTIPLE DIELECTRIC OVERLAYER S

~J. M . E l s on
Miche I son Labora tor ies , Naval  Wn~api - :  a Ceii I er

China Lake , California 93555

In order to improve the performance of infrared optical ~-vstemnis , it is

important to understand the sources and/or properti es of scattered light

eammilati ng f rom various types of surfaces. Conni e-ring smj r~ ave irregularities

as a pr ire .mry cause of scattering , we hi av~ - ‘leveloped a vector perturbation

theory designed to predict the distribu tLn of scattered li gh t f rom su r f a ces

with dielectric coatings . Dielectric la\- rs n~~y function as reflectance

enhancing  mul t i l aye r  stacks or p rotec t ive  -o a t i n g s .  We also note  here tha t

f i r s t  order s c a t t e r i n g  depends on the surface topograp hical characteristics

and other factors such as dielectric p e r m i tt i vit ie s , incident energy , and

angles of inc idence  and s c a t t e r i n g .  These t - ; - m reas are independent and in

this d i - ~cussion we consider only the latter de mdence . We note , however ,

t h a t  the surface characteristics have a profound effect upon the scattering

properties of a given sur face .

I t  is i nt e r e s t i n g  to no te  tha t  for m u l ti l a v e r  s tacks on gr at i n g s  theoret-

ical r e s u l t s  p r e d i c t  vastl y different diffraction properties depending on the

t - ’p n- of gr it i ng profile structure involved . Two gra t ing profile structures

ar- considered. First , the grating substrate profile is assumed to permeate

the eni L i r ’~ d’~electric st ii~k, i.e., each Interface present in the d i e l e c t ri c

s r - i  k Is assumed to m e p l i - a t e  t m ~ s u b s t r a t e  p r o f i le .  Second , t h e  s u b s t r a t e

is assumed smooth  as are  iii succeeding d i e l e c t r i c  layers  w i t h  the gr it in g

p r o f i l . -  in the  out  - rtnost m v e r  onl y. The f i r s t  case is predicted to provide

a much nur& -;tohl e ii i 1 r -~ ion  p i t  tern for lovers having quarter—wave optical
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thickness. Relatively small changes in layer thicknesses (e.g., the rmal

expansion or fabrication errors) are predicted t in cause negligible changes in

the diffraction pattern for this case (not so for the second case). It is

also predicted tha t the ang le between the  plane of incidence and the direction

of the grating grooves is a convenient parameter tn control the polarization

ratio in the diffracted orders. This may be tmsef ,il to create a refl ection

grating/beam sampler which is independent of t h e  inc iden t  polarization .

.
~~ -r . _  - -
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RESIDUAL ABSORPTION IN INFRARED MATERIALS

M. Hass
Naval Research Laboratory

Wash ington , D.C. 20375

B , Bendow
Rome A ir Development Center

Hanscom AFB , MA 01731

Dur ing t he  past few years , great strides in both the mea-

surement and understanding of the origin of residual absorption

in infrared materials have occurred. This has come about largely

as a result of the need for highly transparent infrared windows

for high energy lasers , although prospects for IR integrated

opt ics and fiber optics have also served as motivations .

Common infrared window materials are ionic crystals such as

t he  a l k a l i hal ides , alkaline earth and fluor i des , and semiconductors

such as 1 11—V ’s and Il—V ’s. They are charac terized by a h ighl y

transparent reg ion (absorption ~ 10~~ cm~~~) between the

reststrahlen band at long wavelengths (associated with lattice

mot ion) and the fundamental absorption edge at short wavelengths

(associated with electronic motion) . In practice , of course , t h e

choice of a particular infrared window de pends not only upon i t s

absorption coefficient in the region of interest , but also upon

i ts mechan ical thermal , env ironmental and other properties ,

Also , considerabh variations in the apparent residua l absorption

c o e f f i ient  are observed in the transparent region due to
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a bsor pt ion and sca t ter ing by impurities , impe r f e c t ions , and

surfaces. Nevert he less , an extensive body of experimental

data has been amassed , especially with respect to the r eg ion

of t h e  la t t ice ta i l , in a wide variety of materials . This

data is f ound to display clear trends with respect to the

ma gnitude as yell as the temperature and frequency dependence

of the absorption in the transparent regime . One finds , in

most cases , a relat ively smoothly varying lattice tail spec-

t rum as a function of frequency in ionic solids , while semi-

conductors display structure on the lattice tail. The classi-

f ication and interpretation of the observed trends has aided

in dist ingu ish ing in tri ns ic from extr ins ic fea tures  in spectra ,

and in deducing the limiting , intrinsic absorption properties

of in f r a r e d  w indow mater ials , Adva nces in measurement techniques

have enabled the separation of surface and bulk contributions

to absorption and data of this sort are now avai lable  ror a

large number of materials at many frequencies t hroughout the

transparent regime . The effects of impurities on the absorption

in ac t ua l  ma te r ials has also been inves tig a ted  for  a var ie l y of

cases.

A substant ial theoretical effort has been directed at

identifying the principa l mechanisms determining residual lattice

absorption in transparent solids . Bot h mechanical and electrical

anhar mon ici ty  can con t r ibut e to t he absorpt ion , al t hough the ir

r e l a t i v e  roles i n  s p e c i f i c  cases rema i ns con t rove r s i a l .  Never-

the less , our ~. i e u i et  ica l  unders tanding of many —phonon absorpt i on
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has advan ced suf I icientl y to account succe s s f u l l y  for  many

aspects of the I requency and temperature dependence of a

v a r i e t y  of i n f r a r e d  materials . Recent investigations have

also improved our understanding of the st r u ct  ural features

in both ionic and semiconducting materials .

The close involvement of both theory and experiment in

unravel ing the origins of the residual absorption in infrared

materials has led to very significant advances in the past

few years and may be expected to continue in the future .
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MECHANISMS FOR PRODUCING LATTICE ABSORPTION : ONE OR TWO?

Herbert B. Rosenstock
Naval Research La bora tory
Wash ington , D C. 20375 -

Convent ional wisdom proclaims that under certain conditions

a model crystal absorbs light only at one (or at most a few) fre-

quencies . These are called the “limiting ”, or “Reststrahl ” or

“TO” frequencies . They are infinitely sharp, and the i r  position

and intensity are independent of temperature . The conditions un-

der which this is true are said to be two :

(A) No anharmon icity (i.e. . the potential function is

quadrat ic in the ionic displacements or , equ iv a l e n t l y ,

the  ionic displacements are linear in the interionic

f o r c e s ) ;  and

(B) No non-l inear moment  ( i . e . the  e l ec t r ic dipole  moment

is linear in the ionic displacements).

W i -  shall refer to a crystal in which both (A) and (B) are satis-

f i e d , and which therefore exhibits absorption at the reststrahl

f r e q u encies only , as a “l inear ” c r y s t a l .  When t he  c r y s t a l  is not

l inea r  — i.e. when either (A) or (B) are untrue — absorption can

arise that is not sharp, far from reststrahl frequencies , or tem—

perature-d ependent. Such absorption is in fac t observed. The

question therefore arises whether this is “due to ” violation of

(A) or ( 13) - tha t  is , due to anharinonicity or due to a nonl inear

e l e c t r i c  moment.  Ma thema t i ca l l y  we can use the formulat ion of

.1
Szigeti
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for  the dipole moment . The Q1 are the normal coordinates (ortho -

normal combinations of the atomic d i sp lacements ) ,  Q is the rest-

strah i oscillator , the the anharmonic c o e f f i c i e n t s  and the

the coeffic ients for the nonlinear moment . The crystal is “l inear ’

by our de f in i t ion  if both the b’ s and the B’ s vanish .

It seems plausible that mechanisms described by mathematical

expressions as similar as these two should be physically related .

Others have also at tempted to compu te1 effects jointly caused by

both mechan isms , showing that both quantities are related to

the matrix elements of the Hamiltonian .2 Recently, Boyer3 et al.

noted that both mechanisms are a consequence of charge overlap.

and the ir distinction thus conventional , or t r a d i t i o n a l  in na tu re .

Our purpose here is to exam ine the physica l  bas is of both

in order to ascertain what their relationship is. We find that

a non—l inear electric moment invariably implies existence of

anharmonicity ; conversely, anharmonic ity implies a non-linear

moment whenever extended , rather than only po in t ,  charges ex i s t

in th e l a t t i c e .  I mplicat ions for  at tempts to separate the two

mechanisms exper imenta l ly  wi l l  be discussed.
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TEMPERATURE DEPENDENCE OF MULTIPHONON ABSORPTION I~ ZINC SELENIDE

P. A. Mi les
Ray theon  Company

Bedford , Massachuse t t s

Prev ious attempt s to observe the tempera tur e dependence of
intrinsic multiphonon absorption in ZnSe at lO.6~jm have failed

mainly due to its masking by extrinsic impurity absorptions and partly

to a failure to separate bulk and surface components. The develop-

ment in late 1975 of higher purity zinc selenide made by chemical

vapor deposition has reduced the extrinsic component by an order

of magnitude and allows the intrinsic component to be observed .

Calorimetry was carried out in a conventional vacuum calorimeter

using a 20 watt CO
2 

laser on two separate rectangular  bar samples
of nominal length 1 cm and 4 cms . The samples were heated by

pressing a flat wire heating coil against one of the flat lateral

sur faces .  The gross temperatur~ was sensed by a chromel—alumel
thermocouple and increased in 20’ steps between 20 ’C arid 300~ C.

At each ambient level , t emper a tu re  sta b i l i t y  was achieved by manual

variation of a stabilized a.c. source using the high sensitivity

calorimeter thermocouple circuit itself a s an ir~dicator. In all

cases temperature drift over a two minute interval preceding laser
turn—on was kept to less than 5 per cent of the expected tempera-

ture change during a two minute laser heatinç, period . The result-

ant ballistic thermal characteristics were analyz ed using both
slope and peak methods to establish consistency.

The overal l  absorption of the 4 cm samp le increased by a
factor of 3 over the range 200_3000C . Unexpected variations in

the slope of t h i s  curve  only  became i n t e l l i g ib l e  when compared

with the corresponding 1 cm samp le d a t a .  Taken together these

curves were used to separate the temperature vari itio n s of surface

and bulk abs~ rption s. Surface losses showed a moriotonic increase

over the range 200_ 8OeC, an abrupt drop between 120 and 180’C to

a steady level between l80c _ 240~ C, about one half ts original
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va lue , and a f a s t  monotonic  r i se  between 2 4 0  and 300 °C. This pro-

file suggests the evaporation or dissolution of a surface contam-

inant at temperatures about 120 ’C, followed eventually by the

thermal activation of a remaining surface specie.

The remaining bulk absorption characteristic now shows a

smooth monotoni c increase. Its i n t e rp re t a t i on  in terms of a

residual extrinsic component and an intrinsic multiphonon compon-

ent is still somewhat ambiguous , however. An extrapolation to

10.6im of the multiphonon spectrum observed at wavelengths  beyond
11pm suggests a lO.6pm value of 2 x l0~~ cm 1 at  0 ’C, made up of
4 and 5 phonon processes. Current high order phor.on theory pre-

dicts a temperature variation between T4 and T5, reduced by a
factor that accounts for the reduction of phonon frequenc y with
increasing temperature. Indeed , the present experimental data ,

tog ether wi th  the value 2 x l0~~ cm 1 at 2O~ C ~re consis tent  wi th
such a variation up to 170’ C , but only if it is assumed that  the
remain ing  2 x lO~~ cm~~ ex t r in s ic component drops o f f  rap idly at
tempera tu re s  between 20 1. an d 120’ C. In any case , the observed

rate of increase at temperatures between 170’C and 3001 C is too

low to fit the predicted function . This indicates either a more

rapid decrease in phonon frequency than expected , or the influ-

ence of a specific phonon spectral feature.
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IM P U R I TY ABSORPTION IN CVI) ZnSe

Herbert 6. Lipson
flepu ty for Elec tronic Technology (RADC)

Hanscom AFB , MA 01731

In this work Fourier transmission spectroscopy and laser calori-

metry measurements are used to determine the presence and strength

of i m p u r i t y  bands in CVD ZnSe samples . As ZnSe is a prime candidate

for high power l ase r  windows at the  1 0 . 6im  CO
2 wave leng th  and a

poss ib le  choice for the shor ter  CO and chemical laser waveleng ths ,

it is important to establish the level of impurity absorption between

2 . 5  and l2urn (4000 to 833 crn~~) .

Samples which were state-of-the-art over two years ago show a

number  of hands  between 2500 and 833 cm~~ . Our measurements

i n d i c a t e  t h a t  the strongest peaks in this material occur at about

1630 and 1190 cm* We f i n d  that a contribution from an impurity band

in the v i c in it y of 1000 cm ’ increases the 1O .6pm (94 3 cm ’) absorp-

t i o n  t h e  3 to S x l0~~ cm ’ level.

The t e m p e r a t u r e  dependence of ZnSe abso rp t ion  b e tw e e n  295 and

570 °K ~‘as determined over the 500 to 1000 cm ’ range by t r ansmiss ion

spectroscopy measurements on a sample whose room temperature absorp-

tion spectrum is shown in  Figure 1. This  s a m p l e , c ha r a c t e r i s t i c  of

relatively recent state-of-the-art ZnSe , had an absorption of

2. 3 x ~~~~ cm~~ at 943 cm ’, as measured by 1a~ - : - c a l o r i m e t r y . In-

p u r i t y  ab so rp t i on  be tween  1800 and 800 cm ’ is shown in the insert .
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.\hsorp tion values below S x IO~~ 1 tcr miric ~ from t ran snis si ari spec-

troscopy are sub ftct to error in est m ating the h a c k g r n u n d  level , hut

the p r v ’~r- n c e  of hand pe aks can be establishe d . As can he seen in

Figure 1 , impurit y hand t a ils at the hi ghe r frequencies still increase

the m i n i m u m  a b s o r p t i o n  to  a h i gh e r  l eve l  t han  i - x p c c t - I  f rom extrapo-

l a t i o n  of t h e  m u l t i phonon peak i n  t he  v i c i n i t y  of 800 cm~~~. The in-

pun t -c hands  do not broaden appreciably at higher temperatures and

make lit tle further contribution to intrinsic multiphonon absorption

at elevat ed temperatures . The multiphonon contribution to ahsorption

~43 cm i
, i s  de termined from theoretical calculations is estima ted

t ( ~ be ~ l0~~ cm

Present state-of-the-art ZnSe has absorption at ~)33 cm
1 of

I ~o ~ s 10 cm ’. c l o s e  to the  p r e d i c t e d  i n t r i n s i c  l e v e l .  Low

l e v e l  asorpt i o n  h a n d s  a t  1630 and 1200 c~~ ~ h a v e  been d e t ect e d  by

trans~iossi on spectroscopy in nSe , whose absorp tion at ~4 3 cm ’ 
~cis

found to he 8 x io l cm ’ hv  laser calorimetry . Wh i l e tran smission

te chnl h iles c i I i n ( ) t  he used to  ac -i irately determine absorption levels in

this range , bands in t he  v i c i n i t y  of 1000 cm~~ a s s o ci a t e d  ~ i t I i  those

observed at 1~ 3() and 1200 cm ’ in  samples wi th h i g her impurity con-

n~ - t i ons may st i l l  be f i-es cr i t and contri Hite to absorption at

~)43 cm 
~~~

. The band at 1630 cm ~tends to the CO laser region - itid

is responsible f o r  the larger ; i h s o r p t i o n  v a l u e , S x 10~~ cm
1 
measured

i n  t i e  f r e q u e n c y  range for  t h i s  s a m p l e .

While most of the im pur it y hands shown in 1-igure 1 are present

in  the hul k , the small band at 1515 cm is a result of a siitfaee
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condition. This band ~as considerably reduced after heatin g the

sample in air during absorption temperatur e dependence m e a s l i r e r e n t

Its peak ah s o r p t i o n  is fo und to increase after a sample is left in

air and can be removed by cleaning the sample in acetone. The

largest contr ilu r ion to ~tisorpt ion at 9-13 cm ’ in the mos t rccent]y

produced Cvi i :~Se has b e n  attributed to surface losses .

In summary , tails of weak impurity bands detected by Fourier

transmission spectroscopy have been seen to contribute to absorption

at high energy laser frequencies and may be r e spons ib l e  for measured

values higher than those estimated from intrinsic absorption.
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Figure 1 . Multi phonon and impurity absorption in CVD ZnSe from

transmission spectra = 2.3 x lO~~ cm~~ ,

determined from laser calorimetry).
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INFRARED ABSORPT ION IN GERMANIUM AND SILICON*

Don A. Gregory and James A. Harrington
University of Alabama in Huntsville

Huntsville, Alabama 35807

and

Marvin Hass
Naval Research Laboratory
Washington , D. C. 20375

The infrared absorption associated with carriers in germanium and silicon may
cause thermal blooming when these materials are used as infrared laser windows.
It is important , therefore, to make a detailed study of how carrier absorption
depends on sample doping, temperature and frequency in order to obtain im-
proved window materials for 3 to 10 jim infrared lasers. In this investigation,
we report our measurements on the frequency and temperature dependence of the
absorption coefficient in germanium and silicon and compare these results with
a simple calculation based on carrier absorption.

The dominant carrier absorption in the near infrared (3 to 10 jim) can be
associated with either free electrons or intravalence band hol~s. In calcu-
lating the infrared absorption in germanium, Bishop and Gibson expressed the
absorption coefficient B (T) in terms of the lattice absorption the
electron and hole concentrations N (T) and N

h
(T) , and the electron and hole

cross sections Ge(T) and oh
(T) by ~he expression,

B(T) = ÷ N (T)c Y (T) + N
h

(T)a
h
(T).

The lattice absorption B3 can be assumed to be effectively temperature
independent compared to t~e other factors and to a first approximation the
cross sections 0 are also assumed to be temperature independent. The popula-
tion factors N, however, are strongly temperature dependent. Using this
approach and values of cross sections obtained from measurements on heavily
doped material, it is possible to calculate the Infrared absorption coeffic—
lent at all wavelengths and temperatures.

One interesting result of this calculation is that for germanium, at least ,
there is an optimal doping level for maximum transmission at any wavelength.
This has been studied at lO..6pm in previous work’ but not at other important
laser wavelengths.

The results of our calculations are compared with infrared absorption
measurements obtained by laser calorimetry on samples of germanium of various
doping levels. The results to date indicate that the simple theory is
adequate although there are some small deviations which suggest that tempera-
ture dependent cross sections should be employed. For silicon, our calcula’-
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tion predicts that this material should be extremely transparent in the 3jim
region. Our measurements of the absorption coefficient for the ultrapure
silicon are indeed very low but there still appears to be some residual ab-
sorption of as yet unknown origin.

* Research supported by DARPA

P. J. Gibson and A. F. Gibson, Appi. Optics 12, 2549 (1973).
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FREQUENCY AND TEMPERATURE DEPENDENCE OF RESIDUAL LATTICE

ABSORPTION IN SEMICONDUCTING CRYSTALS

Bernard Bendow and Herbert G. Lipson
Deputy for Electronic Technology (RADC)

- Hanscom AFB , MA 01731

Stanford P. Yukon~
Parke Mathematical Laboratories

Carlisle, MA 0174 1

The purpose of the present work is to further our unders tanding

of the nature of the multiphonon absorption which lim its the infrared

transparency of wide-gap semiconductors . The multiphonon spectra in

semiconductors differ widely from those in mos t ionic crystals;  they

display substantial structure, deviating from the smooth exponential

frequency behavior characterizing ionic solids . Also , anharmon ic

effects are less pronounced , so that structure persists into higher

temperature spectra. It appeared desirable to obtain sufficie~t meas-

uremen ts to confirm thes e trends and to prov ide a theoretical basis

for interpreting them. Moreover, it was desired to iden ti fy in wh ich

frequency and temperature ranges intrinsic behavior was manifested by

state of the art samples of various semiconducting materials.

Our measuremen ts, which were taken on a Fourier spectrometer and

were also corroborated in certain regimes by calorimetric , enittance

and photoacous tic measuremen ts, ind icate that struc ture persists into

* Research supported by Deputy for Electronic Technology (RADC), un-
der Contract No. F19628-71-C-0142.
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the multiphonon regime of ZnSe, Si, and GaAs , even at elevated tempera-

tures (—500°K ) .  At freq uencies h igher than ~-l0
3cm~~ in ZnSe and GaAs ,

and .2 x l03cm~~ in Si , the observed behavior appears to be extrinsic.

Measuremen ts were conduc ted on ZnS as wel l , but our samples appeared to

be dominated by extrinsic effects over much of the region of interest.

The theoretical model invoked to interpret the results emphasizes

the influence of the many-phonon density of states on the spectra . We

f i nd tha t th is model is indeed successful in accoun ting for many fea tures

of the observed spectra , implying that the density of states, as opposed

to k-selection rules , is the dominant influence determining the behavior

displayed by the spectra . The model incorpora tes both nonl inear momen ts

and anharmonicity , and thus allows one to investigate the effects of

both of these mechanisms on the multiphonon behavior. Although one can-

not unambiguously establish the precise mix of the two by analyzing ob-

served spectra , never theless , one can deduce ranges for the moment and

potential parameters which are consistent with the data. Thus, multi-

phonon measurements provide insight into the microscopic parameters

governing the absorption processes in semiconducting crystals.
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BULK AND SURFACE CALORIMETRIC MEASUREMENTS
AT CO WAVELENGTHS *

S.D. Allen and ~J.E. Rudisill

Hughes Research Laboratories
Malibu , California

Laser calorimetry was utilized to measure the bulk and surface ab-
sorption coefficients of a series of long, thin bars by the M. Hass 1
technique. The lower limit of the apparatus for measuring absorption coefficient
was determined by measuring a high quality bar of RAP grown ~Cl . 1The bulkabsorption coefficient of this KC1 bar at 10.6 jim is 6 x 10 cm , a
value which is essentially the intrinsic limit of th~ material as predicted
by extrapolation of the multiphonon absorption edge . The sawe exponentia l
curv2 predicts an intrinsic absorption coefficient of 7 x iü-~~ cnr

1
at 5.3 jim. As it is not possible to measure absorption coefficients
this small with standard calorimetric procedures , the measured absorption
coefficient (assuming surface and speci fic impurity absorptions are absent
or of similar magnitude as the bulk absorption) provides an error range
for the calorimeter apparatus.

The optical absorption of RAP KCI grown in three different atmospheres -

N2/CC14, He/CC14, and He/C02/CC14 - was compared . Other materials measured
include KC1 doped with 1.75% RbC1 (single crystal and press forged) ,SrF2
(single crystal and cast), CaF2 (cast), and CVD ZnSe. All samples were
polished and surface finished by the current state of the art techniques. 3
Thermocouple attachment was made at three different places on the bar
(front edge, middle and back edge) as a check on surface absorption and
scattering. Ag or Al mirrors were evaporated onto the bars prior to
thermocouple attachment to minimi ze direct scattering to the thermocouple.

The calorimeter head used in these experiments is made from standard
glass pipe parts and is pumped by sorption pumps to eliminate any con-
tamination of optical surfaces by oil. The laser is a cooled (00C), 2
meter himiconfocal cavity , 10 watt cw device the output of which is focussed
with an antiref lection coated CaF2 lens to a spot size of approximately
him at the center of the sample. The output power is distributed over 9
lines in the 5.25 jim to 5.5 jim region with most of the intensity in the
5.3 jim and 5.5 urn lines. The spectral intensity distribution of the laser
has been quantitatively measured . The specification of the spectral distri-
bution is important as preliminary results at the University of Dayton
Research Institute 4 seem to indicate that some discrepancies in reported
data at CO wavelengths lie in the differences in output wavelengths.
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SURFACE AND BULK ABSORPTION IN HF/OF LASER WINDOW MATERIALS

A. Hordvik and L. Skolnik

Rome Air Development Center
Deputy for Electronic Technology

Hanscom AFB, MA 01731

We report measurements of both surface and bulk absorption at HF and OF
laser wavelengths of a number of prospective high power laser window materials.
Samples measured include LiE , MgF2, CaF2, SrF2, BaF2, ZnSe , Si , GaAs , MgO, and
A1203. Both surface and bulk absorption losses are determined simultaneousl y
utilizing a new photoacoustic technique . A chopped laser beam is incident
on the sample , and the generated acoustic wave whose amplitude is pro-
portional to the absorbed laser energy is synchronously detected with a
piezoelectric transponder attached to the material . The transponder output
is measured as a function of distance between transponder and beam , thus
generating a curve of output response versus position of the incident laser
beam. Since response curves for pure surface absorption and pure bulk ab-
sorption have entirely different functional dependences , it is possible to
separate the composite curve into its surface and bulk contributions. In
this manner , surface and bulk losses are measured simultaneously and non-
destructively on the same sample. This photoacoustic technique has an
additional advantage over conventional laser calorimetry in that it is an
a.c. rather than a d.c. measurement so that extremely small laser powers
may be utilized to determine low absorption coefficients. Typically, laser
powers of 100 mw are sufficient to measure losses in the 1O—~ cm—

1 range.

Results indicate that losses dominate the absorption at mid- IR wave-
lengths for most of the samples tested, However, at HF laser wavelengths
the bulk absorption coefficients of Si and A1203 (1.2 x l0~ cm— ’ and
2 x 1O—~ cm-1 respectively) rank lower than even the fl uorides which cur-
rently have bulk losses on the order of ‘~3 x 1O—~ cnr-

1. Therefore, while
our results indicate that state—of—the—art silicon and aluminum oxide have
bulk absorption coefficients close to their predicted intrinsic (multi-
phonon) limit , bulk absorption losses for currently available alkaline
earth fluorides are probably still dominated by extrinsic (impurity) pro-
cesses. Further , if surface losses in A1203 can be significantly reduced ,
this material would become an excellent candidate for a high power HF
laser window.
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MIXED FLUORIDES FOR MID -IR LASER WINDOWS

1. J. Martin4
Dept. of Physics , Oklahoma State Univ.

Stiliwater , OK 74074

Herbert C. Lipson , Bernard Bendow and Audun Hordvik
Deputy for Electronic Tech., Rome Air Development Center

Hanscom AFB , MA 01731

Shashanka S. Mitra4~
Dept. of Electrical Engineering, Univ. of Rhode Island

Kingston , RI 02881

We report investigations of crystal growth and infrared optical evalua-

tion of mixed fluorides , including KMgF3, RbMgF3 and KZnF3. Sing le crystals

of the latter , which have the Perovskite structure , were grown by the

Brid geman method , utilizing the system described by Butler (Ph.D. Thesis ,

O.S.U., 1972, unpublished). We have also pulled crystals of KMgF3 and RbMgF3,

using a modification of a puller for KC1, which has a graphite radiation

shield and a special thermocouple added to allow operation at higher tem-

perature . Various details of the crystal growth process will be discussed .

The Infrared absorption of the grown crystals of KJ1gF3, RbMgF3 and

KZnF3 was measured by Fourier spectroscopy and photoacoustic calorimetry , at

room temperature , in the frequency range 800—1800 cm ”. In the range of

higher absorptions (~~‘1Q 2 cm~~) we obtain a characteristicl y smooth, ex-

ponential-like variation of absorption with increasing frequency, although

KZnF3 does show enhancement suggestive of extrinsic effects , towards higher

frequencies . The exponential decrease and absence of marked structure are

features familiar from alkali—halide and alkaline earth fluoride spectra

measured previously, and are believed to be a result of the dc~ninance of

anharmonic broadening and the lack of structure in the lattice density of

*Supported by Deputy for Electronic Tech., RADC, under contract F19628-76-C-0176.
**Supported by Deputy for Electronic Tech., RADC, under contract F19628-75—C—0l63.
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states. Thc magnitude and rate of decline for KMgF3 and RbMgF 3 art nearly t h e

same , imp lying that t h e  Mg—F bond is the principal influence on the mu lti phonon

spectrum . This  is also supported by the similarity of t h e s e  sp ctra to that of

although the rate of decrease in t he  mix d fluorides is ~1 ight l y slower

than for MgF2 ,  .~in d the  overall magnitude is from 507 to 20% smaller in th

r~n inve s Li - y~ ted.
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FAR-IR PHOTOCONDUCTIVITY IN SILICON DOPED WITH

SHALLOW DONOR IMPURITIES

P. Nor ton *
Bell Telephone Laboratories

Murray Hill , New Jersey 07974

The photoconductive response from silicon doped with shallow

impurities such as phosphor us has a spectral res ponse with many

interesting fea tures , as shown in Fig .  1. ‘he large peak and fine

s t ruc ture  observed in the 25 0 - 45 0 cm ’ region are due to the

photon interactions with neutral donor impurities which have energy

states similar to those of hydrogen with a Rydberg smaller by a
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The existence of negative ion f a ~ infrared .

states for the shallow , hydrogenic

i:npi r itie~ 
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unt il 1967 in a study of bandgap photoluminescence by Dean et al.
3

The p r o p e r t i e s  of these negative ion s t a tes have recent ly  been in-

vest i iated in some d e t a i l .4 6  This  paper w i l l  review the propert-

ies of these negative ion states , in t he i r  isolated cond ition , and

the interactions they have with each other , together with describ—

m a  t h e  p e r f o r m a n c e  of a detector  for  the f a r  i n f r a r e d  bas” -h upon

these ouantum levels.
The spectral  response of severa l
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light ly-doped samples are shown in Fig .
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The weak binding energy of the negative donor ion states

provide convenien t  quan tum levels for  a f a r — i n f r a r e d  photocond—

uct ive  de tec to r .4 ’ 5 At 118.8 ~im the q u a n t u m  e f f i c i e n c y  of a

device based upon these levels has been measured us ing a pu lsed

s u b m i l l i m e t e r  l aser .  The q u a n t u m  e f f i c i en c y  was found  to be

between 1 and 5~~. The response speed of the device is on the

order of 1 nsec.  As a he terodyne detector presen t res ults give

noise equ iva len t  powers near io -16 W/ Hz and improved desi gn

should permit operation near 4.cl0 19 
W/Hz.
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Cd Se al l o y s  w i t h  x — v a l u e s  be tween  zero  and 0 . 7 7  f o r m  a completel y

m i s c ib le  series of solid s o l u t i o n s  w i t h  the  z i n c bl en d e  c ry s t a l  s t r u c t u r e’.

Low x—valu e alloys a re  sem im et a l l i c  and have neg a t i v e  en e r gy  gaps; hi gh

X V ) L I L R  a llo y s are semiconductori~ and have direct positive energy gaps.

This  v a r i a b l e  energy—gap a l loy  sys tem is be ing  developed as an i n f r a r e d

d e te c t o r  m a t e r ia l  w l u ’s c  w a ve l e n g t h  of peak response can be var ied  by c o n t ro l l i n g

t i l e  al l)~~ composi tiOn and w i t h  p o t e n t  ial use as a s p i n — f l  i p — R a m a n — l a s c r

~: i t e r i a l  whose energy can be a d j u s t e d  to co inc ide  w i t h  l a se r  pump f r e q u e n c i e s

t i  m a x i m i z e  e f f i c i e n c y  and t u n i n g  range .

t r y s t  a ls  f o r  e l e c t r i c a l  c h a r a c t e r i z a t i o n, op t i cal  a b s o rp t i o n  s tud  ics ,

and p o e~~~nd&ict jvjty measurements were grown by both the Brid gman and

queued—anneal methods from melts w i t h  x— v a l ue s  between 0.16 and 0.-’.4.

i d gm a n — g r o w n  i n g ’- t s  e x h i b i t  good s i n g le— c r y s t a l  p rope rt  ie s  and c ross—

io ’i .il c om p o s i t  ion u n i f o r m i t y .  The long i t u d i n a l  c o m p o s i t i o n a l  g r a d i e n t s

in ! c r ,  s La C~
3 —- ohi m e d  in Br ici g m a n— g r ow n  i igg t x is found to be

I t i n t 1 n ~r -- . .’ th c O - bi t  ions in agr L i l t - n t  with the predictions of c i v ~~t i l

‘0  ‘ I e u  v ni l the l il nixi . d i m i g r ~in d e t e r i i i i i d  f i r  this system
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u - a  ‘r ’ - .rpt i ’ . ’ -o odles at t og atti re s between  5—300 K have iueen
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~~‘ ~~

. or conip oi t i )ie beh w x = I).55, the til -rg v n i l ’  l i l e r i - a n i

~ F tl i i n ’ r i - l~ i i  t & - i i m ~ - r d t u r e , ~nd for  c l u np o s i  I. I i i1u ~ greater t h i n  x — :1 . li

thu e m i & .- r ~ ’ ’~ g i g  dcci i i  ~ i -a w i th irr ~ n . m  l o g t e m p e r a t u re .  ~ ion  t l e n a  I

r. !at o i ioh i 1i h i s  1 a e~tt,ahl u m b ed f - i  t h i t - n - nt- r~- v — g g d g , - ’ld I ’ne te ;  Oil

I I 
~
i
~

.- t in~~~’~-i I I i n  - t i l t I i  - P i t  • I - I - 
• - - wit t < -  Ii  - i i i  h - ii -~~ xl I o ~~- t iii • • f • n y i m i  c t

III d - ’ v i 1  I I  i l  I ~m I  I S .



ThC2—2

As grown HgCdSe alloys are n—type with electron concentrations between

5 x l 0~~~~3 x 10~~ cm 3
. The 300 K mobility increases from 800 cm2/V.s for

x = 0.68 to 10 000 cm 2/V.s for x = O.1
4
. The m o b i l ity  also i n c r e a s e s  w i t h

decreasing temperature and values of 230 000 cm
2
/V.s have been obtained

at  50 K for low x—value samp les. Dynam ic—vacuum annealing is found to

reduce the electron concentration to the low iol4 
cni3 range , but com pensating

centers are introduced which limit the electron mobility.

Photoconductivity measurements have been made on alloys with x—values

between 0.25 and 0.54 at temperatures of 300, 77 and 5 K
3’4. At temp eraturt-s

bel ow 80 K , minority—carrier trapping results in an enhancement of the

photoconduc tive responsivity. These results demonstrate the po teri i :i ;i F of

this alloy system as a high—responsivity, high—detectivity, infrari •u—d et -ctor

mat erial for wavelengths between 1.5—6 him.
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THALLIUM SELENIDE INFRARED DETECTOR*

P. S. Nayar and W . 0. Hamilton
Depar tmen t of Physics and Astronomy

Louisiana State University
Baton Rouge , Louisiana 70803

There has been considerable interest in new materials for broad band

infrared detectors . Some results of a new infrared bolometer detector were

published elsewhere’’2. In this paper we show that the detector speed and

response can be increased without affecting the NEP , by suitable choice of

the operating parameters and design of the optica l system .

EXPERIMENTAL

The essential features of the experimental arrangement is shown in

Fig. I. The light pipe consists of a polished stainless steel pipe and

cone made of copper. The bolometer element is p-type thallium selenide

(T1Se) single crysta l. It has dimensions of 3mm x 1mm x 0.18 mm . Gold

wires of 0.12 mm diameter were welded to the ends and also the ends were

coated with indium solder . Two copper leads soldered to the gold wires

were heat sunk to the two helium wells soldered to the top flange of the

vacuum can.

RESULTS AND DISCUS SION

The temperature dependence of the bolometer resistance between 1.5

and 4.2 K is shown in Fig. 2. This could be fitted to the empirica l re-

lat ion

R R ( T /T) A (1)

where R is the resistance at temperature T and R is the resistance at

temperature T. The value of the exponent A comes out to the 4. A de-

tailed analysis of the bolometer characteristics is given elsewhere
1
.

*Work supported by Air Force Office of Scientific Research under Grant
No. AFOSR-71-2054.
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The maximum responsivi ty ( S )  is given by’

S ~~
= 0 . 7( R IT C) 2

max o o (2)

where C is the therma l conductance between the bolometer  and the ba th  and

is given by

C P/(T-T ) (3)

where P is the power dissipated in the bolometer due to the constant

current  bia s , T is the temperature  of the bolotneter and T is the t empera tu re
0

of the bath. T can be determined using the curve in Fig. 2 and the current

voltage curve shown in Fig. 3. The response time (r) is given b y

= 0.7 (C/C ) (4)

where C is the hea t capaci ty  of the element .

The usefulness of a radiation detector is determined by its ability to

detec t the minimu m value of the signa l powe r , refe rred as the Noise Equiva-

lent Power (NEP). The total noise power for a cooled bolometer in a unit

bandwidth centered around an angular frequency ~~~ 1/T can be written as
3

(NEP) 2 4kT R
0 + 4kT 

2
C + CI~ + 8oe a T

5 sin2(B/2) (5)
(S ~a 0 R
max ’ max

where k is the Boltzm ann ’ s constant , C ,a and 8 are cons tan ts , I is the bias

c u r r en t , a is Stefan-Boltzmnann cons tant , TR 
is the temperature of the back-

ground viewed through a solid ang le e , a is the area of the de tec tor and E

is the emissivity. The first term in (5) is the Johnson noise associated

with the bolometer resistance. The second tern is the phonon noise powe r

due to the statistica l fluctuation of the bolometer bath temperature . The

third term summarises the possible contributions from current noise and

those arising from crystal imperfections . Since we use a very low current

(10 amp) this term is neglet ted. The last term arises from the statistica ’
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fluctuations in the backg round radia t ion .

I’he first three terms in (5) constitute the inherent noise power of

the detector. This can be eva luated sepa ratel y using (2) for S
max

(NEP) b l  ~~ 4T (kC) ½ (6)

thus , the  i n h e r e n t  noise powe r depends on the ba th  tempe r a t u r e  and th e

therma l conductance  onl y. For a given NEP (6) gives s u i t a b l e  va lues  of C.

The area and thickness could be varied to obtain minimum value of the re-

sponse t ime .

Ta ble I

T 1.5 K S ( c a i c . )  1. 4 x io 6 v/wo max

R 137 K~ S (meas . )  1 .2 x 106 vtw
(ser ies  res i s tance)  10 ~~ t~~P ( c a l c .)  3.47 x io~~ ~~

A 4 NEP (meas.) 7.3 x l0 15 
W[/Hz

C 2.4 x 10
8 
W/K ‘r 3

The respons iv i ty  was measured using a 500°K black bod y source 1
.

Typica l values for an element of 0.18 mm thick is given in Table I. Com-

p le te details of the measurement are given elsewhere
1
.
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STRUCTURAL.  A N ) )  IR PROPERTIES OF Ph 1_~ 1Ig~ s THIN FILMS

N .  C. Sharm a , D. K.  Pand y;i , H. K. Sehgal , and K. L. Chopra
D e p a r t m e n t  of Physics

I n d i a n  I n s t it u t e  of Technology , Delh i
New D e l h f — l l 0 0 2 9 , India

Electron diffr action studies carried on thin films of PbS—HgS ,
prepared hr the solution growth technique developed by us , suggest the
formation of a uniphase ternary alloy with an f.c.c. symmetry . The
lattice parameter of  the a l l oy  f i l m s  can be made to increase or decrease
r i t h  increas ing concen t r a t i ons  of Hg depending on the choice of growth
conditions . In case of films where the lattice constant increases with
H g c o n c e n t r a t i o n , t h e  o p t i c a l  absorp t ion  ed ge s h i f t s  con t inuous ly  towards
higher  energ ies .  On the o t h e r  hand , the band ed ge is displaced towards
lower energ ies in the films for which the l a t t i c e  parameter  decreases wi th
increasing Hg concentration.

Mercury sulphide is known to exist in two forms : the tri gonal
t—H gS (Eg=2 eV) which is stable at room temperature , and the zinc—blende

~—Hg S (E g O. l  eV at  room tempera ture)  which is stable above 2 800 C.
Similarity in the structures and the lattice parameters of PbS and ~—HgS
and the known relaxation of the solubility conditions during atom—by—atom
condensation process characteristic thin film growth suggests the possi-
bility of formation of uniphase alloys of PbS with both c~— and ~—HgS .

The observed consistency in the s h i f t  of the optical absorption edge
towards higher or lower energies and the measured variations in the lattice
parameters with increase of Hg concentrations in the films indicate the
formation of a uniphase Pb 1.~~Hg~ S system. By varying the concentration of
Hg in the films and by stabilizing the phases formed due to alloy ing of
PbS with (~ —HgS) or (c~—HgS), th e band gap could be varied continuously from
0.1 eV to 2.0 eV.

One thus obta ins  a v e r s a t i l e  m a t e r i a l  of va r iab le  o p t i c a l  gap fo r  use
in d e t e c t o r s  in the near to f a r  (~~lOpm) i n f r a r ed . P h o t o c o n d u c t i v e  IR
de tec to r s  prepared f rom t h i s  m a t e r i a l  g ive a D*~ l0 ’° cm H e r t z ~~ W a t t 1 .
The peak response of the detectors could be s h i f t e d  by chang ing the  Hg
concentrations in the films .

-J
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LIGHT SCATTERING FROM SURFACES OF INFRARED OPTICAL COMPONENTS

H. E. Bennett, J. M. Bennett , J. M. Elson and D. L. Decker
Michelson Laboratories , Naval Weapons Center

China Lake, California 93555

Under most circumstances the fraction of light scattered by optical com-

ponents used at infrared wavelengths is much less than would be expected in

visible  and ultraviolet reg ions of the spectrum. In many applications , how-

ever , the amount of scattered light which can be tolerated in the infrared is

extremely small so tha t an unders tanding of its ori gin and means for control-

l ing It become essential. In the visible and ultraviolet most of the scat-

tered light from well polished op tical componen ts arises from microirregulari—

ties only a few tens of angs troms in height. Total integrated scattering

(TIS) from these microirregularities is well described by a simple scalar

scattering theory based on the Kirchhoff approximation . Experimental studies

of surface hei ght distribution functions for optical surfaces show them to be

Gaussian in nearly all cases. The TIS can then be calculated when only the

m s  hei ght of the microirregularities is known. Conversely the surface micro—

roughness can be determined from TIS measurements.

Directional scattering, often identified with the Bidirectional Reflec-

tance Distribution Function (BRDF), requires knowledge of the surface auto—

covariance function as well as the height distribution function. Vector

scattering theory, which is not based on the Kirchhoff approximation , describes

directional scattering most accurately, but discrepancies between theory and

experiment still exist.

At infrared wavelengths microirregularity scattering decreases rap idly in

magnitude and larger macroirregularities such as surface particulates , scra tches

and other surface defects become relatively more important. Particulate and
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def ect scattering centers are assumed to he uncorre la ted  so that  the  ampli-

tude of light scattered from these centers is simp ly the sum of the amp litud es

scattered from each. Scattering of this type is approximately de scr ibed by

di pole scattering theory. The forward scattering from the surfaces of trans-

parent media i s pred icted by th is theory to be slightly greater than backscat—

tering when the scattering centers are comparable to the wavelength . This

behavior is observed experimentally in the near infrared. Forward and back—

scattering approach each other at longer wavelengths. Surprisingly, scatter-

ing levels for infrared windows may still sometimes be descr ibed over ex tended

wavelength regluLis by an exponential which depends inversely on the square of

the wavelength. Volume scattering as well as surface scattering may p lay a

role in such cases.

Sca tter ing from MIL—STD type scratches typically behav es as pred icted by

geometrical optics and shows little wavelength dependence in the visible and

near infrared . A resonance would be expected to occur , however , when the

scratch width becomes comparable to the wavelength. An increase in scattered

ligh t is sometimes found in the near inf r ared and may be caused b y a similar

resonance when the wavelength of the light Ia approxima tely equal to the

diameter of dust particles on the surface. When illuminated by intense laser

r id iition , dipole resonances from surface imperfections can cause standing

waves to be set up which are sufficiently strong to cause permanent ripp les

to appear in the component surface , probably because of differential joule

heating.

~1ore complicated than the case of individual incoherent scatterIng

centers is the case of correlated scattering (diffraction) such as is found

in gratings and other repetitive surfaces. The intensity of diffracted light

in this case depends on the height , shape , and spacing of the surface grooves.
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When low efficiency reflection gratings are overcoa ted with dielectric layers ,

theoretical studies predict that complicated interference patterns will

dominate the diffracted orders . For dielectric layers of quarter—wave optical

thickness , these effects will be minimized if the groove shape Is rep li ca ted

at every interface of the dielectric stack. In addition to being useful in

the design of low efficiency diffraction gratings , this theory may also be of

use in connection with diffuse scattering from multilayer stacks and for

in f r a r ed op tics produced by diamond point turning and then overcoated with a

multilayer dielectric film . The scattered light levels observed in the best

cases for diamond turned optical surfaces are remarkably low , and the absence

of pol ishing defec ts and scratches make this technique very attractive for

producing superior low scatter infrared optics.
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SURFACE EVALUATION TECHNIQUES AND SURFACE STATISTIC S FOR
INFRAR E D OPTICAL MATER I ALS

Jean M. Bennett
Michelson Laboratories , Naval Weapons Center

China Lake, Cal i forn ia 93555

In order to obtain optimum performance from infrared optical systems ,

it is important that the surface finish on the optical elements be adequate.

Sur face microroughness , particulates , and isolated scratches and digs w i ll

p rod uce sca ttering and may increase absorp tion , bo th of wh ich can adv er sel y

affec t the performance of an optical system. Particulates on or embedded in

an optical surface can also lower the laser damage threshold of the component.

In order to detect and minimize these effects, it is necessary to have ade-

quate means to characterize optical surfaces. Techniques used at Michelson

Labora tory for surface characterization include Notnarski and stereoelectron

microscopy , Fizea u and FECO in terferome try , sty lus surface prof ilome try,

ellipsome try,  and Auger spec troscopy, as well as instruments for measuring

sca ttered ligh t and for quan titatively compar ing scra tches and d igs on sur-

faces to standard scratches and digs.

According to mos t classical sca tter ing theories , total integrated scatter

in the infrared and visible spectral regions depends in par t on the hei ght

dis tribution func tion of the surface , while the angular dependence of the

sca ttering par tly depends on the Fourier transform of the autocovariance

function. The FECO Scanning Interferometer and Talys tep surface p r o f i l i n g

instrument both are capable of obtaining surface heigh t da ta f r om which the

statistical properties of optical surfaces can be evaluated. These proper-

ties include rms roughness , rms slope , heig h t and slope dis tribu t io n func t ions ,

and autocovariance function . The instruments have sensitivities to height

var iations of less than 10 A with lateral resolutions on the order of a micron.
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I n f o r m a t i o n  on hei gh t s  and slopes of features whose lateral dimensions are in

the submicron range is obtained by stereoelec tron microscopy on surface

replicas.

We have measured surface statistics for infrared mirror substrates

(mo lybden um, copper , fused quar tz , etc.) and infrared window materials (cal-

cium f l uoride , magnesium f luoride , po tassium chlor ide , and others). In gen-

eral the height and slope distribution functions for all materials are very

good Gaussians if an adequate statistical sample is taken. However , if the

sur f a ce is deepl y scra tched , as is typ ical for  some poli shed alkal i halide

sur f a c es for  example , the height distribution function may have proportion-

a tel y too many po ints on the tails to be stric tly Gaussian (corresponding to

deep scratches and large asperities). The initial portions of the autoco—

variance functions are mostly exponential , and none are Gaussian . Tvpica

examples of surface statistics are shown in Figs. 1 and 2.
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Fig. 1. FECO interferogram , surface profile, and autocovariance function for
a single point diamond machined copper surface . Data average of 10 scans.
The roughness iueasured visually from the width of the interference fringe was
22.5 A rins.
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Fig. 2. Height and slope distribution functions for the same machined
copper surface.

By incorporating the surface statistical data with data on particulates,

surface defects and surface contamination layers obtained using the various

instruments and techniques described above, a more complete understanding of

the role of surface finish on infrared optical performance can be achieved

leading to improved infrared optical components.
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SCATTERING PROPERTIES OF OPTICAL SURFACES

AND B A F F L E  M A T E R I A L S  FOR I N F R A R E D  SYSTEMS

J. E. Harvey, J. A. Gunderson , R. V.  Shack , and W. L. Wo l fe

Op tica l Sciences Center
The University of Arizona

Tucson , Arizona 85721

The relationship be tween surface micro- roughness and rad ant energy

scat terino plays an important role in many areas of technica l interest.

These include the cost versus performance trade-offs in the fabrication of

optical surfaces , design considerat ions for stray l i ght  re jec t ion sys tems ,

eval uation of machined metal mirrors for high energy laser app l i c a t ions ,

laser radar backsca tter signature programs , and a host of other app l i c a t ions

requiring extensive scattering data.

A theory of surface sca ttering has been formulated by u ti l i z i n g  the

same Fourier techniques that have proven so successful in the area of image

forma tion . An ana l y tica l expression has been obtained for a surface transfer

function wh i ch relates the surface micro-roug hness to the scattered distribu-

tion of radiation from that surface . For a large class of well-behaved sur-

faces it is therefore pos sible to desc ribe this transfer function in terms of

onl y the rms surface roughness and the surface auto-covariance function.

This theory provides a strai gh tforward solution to the inverse scattering

problem (i.e., determin ing the relevan t surface characteristics from

scattered lig ht measuremen ts). Once the surface characteristics are known ,

the same theory prov i des an equall y simp le method of predicting the wave-

length dependence of the scattered lig ht distribut i on . Furthermore , the mere
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exis tence of such a transfer function imp l i e s  a s h i f t— i n v ’i r i in t  sca tt e r i n g

func tion which does not change shape with the ang le of the incident beam.

This is a ra ther si gnifican t development which has profound imp li f i c a tions

regarding the quantity of data required to comp le tel y charac terize the

scattering properties of a surface.

Experimen tal verification of the inverse scattering problem and the

shif t- invariant scattering func tion has been successfull y demons trated for

~~~~~~ surfaces (o<<~~), and the predic tions of the scattering behavior as a

function of wavelength have been shown to be accurate for wavelength changes

over a lim i ted spectral range. The light scattering properties of ‘~ j~

(diffusel y reflecting) optica l surfaces do not exhibit the shift-invariant

behavior predicted by the s i m p le theory. However , a more genera l theoret ical

treatment results in an infinite famil y of transfer func tions which are

required to completel y characterize the scat tering properties of a roug h

surface. The results of experimental measurements on several baffle materials

exhibiting wide variations in scattered ligh t behavior are presented and

discussed in the context of these theoretical deve l opments.

— -  — -
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THE RELATIONSHIP BETWEEN SU RFACE SCATTERING AND MICROTOPOCRAPHIC FEATURES

E. L. Church , H. A. Jenkinson , and J. M. Zavada
Pitman—Dunn Laboratory

Frankford Arsenal
Philadelphia , Pennsylvania 19137

Residual surface roughness can degrade the performance of optical and

infrared components by lead ing to de tr imental scattering e f f e c ts and

increased damage sensitivity . The vertical scale of such roughness is

generally much smaller than the wavelength of visible light , wh ich makes

accurate microtopographic data difficult to obtain . Differential scat-

ter ing measurements are particularly useful for this purpose since they

are non—contact and constitute a functional test of surface quality . Also ,

with aid of a suitable scattering formalism , such data may be mapped into

the power spectral density of the surface roughness, or equivalently, its

autocovariance function.1 These data may be viewed phenomenolog ically.

Here , however , we seek further insight into the relationship between sur-

face scattering and microtopographic features by calculating the sca ttering

expected from surfaces consisting of a smooth plane marred by a number of

defects. Various pits , bosses, grooves , and ridges are considered , both

randomly and regularly distributed over the surface. The inverse problem

of deriving effec tive surface contours from measured power spectral data

is aI~-o considered . Results are illustrated with measurements of various

diamond—turned and conventionally polished surfaces.2

1E. L. Church and J. M. Zavada , App i. Opt. 14, 1788 (1975).

2E. L. Church and H. A. Jenkinson , J. Opt. Soc . Am. 65, l2l6A (1975) .
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INFRA-RED OPTICAL REFLECTIVITY OF L I OU ID METALS

Edward Siegel

Public Service Electric and Gas Company
Energy Laboratory

200 Boyden Avenue , Maplewood , N. 3.

We utilize the concept of electron-phonon dominated optical
conductivity and the Drude theory of optical properties of
metals , as applied by U~ ihara , ’ and the theory of melting in
simple metals of Omini , based on the Percus-Yevick 3 collective
coordinate (liquid phonon) theory of simple liquids , to calcu-
late the optical reflectivity in a variety of liquid metals.
We compare the reflectivity of the metals treated by Ujihara ,
and extended by Siegel& (Ag , Au , Al , Cu , Fe , Ni , Co) at their
melting temperatures in the solid and liquid phases to deter-
mine if the change in phonon spectrum and electron-phonon
collision frequency in the solid to the Percus-Yevick “liquid
phonon spectrum ” and electron-liquid phonon collision frequency
in the li quid affects the optical properties. Later we extend
the calculations of reflectivity in the liquid metals beyond
their melting temperatures. This is a valid criterion of
whether the Percus-Yevick liquid phonon approach to electron-
disorder scattering in liciuid metals is applicable in evaluat-
ing the high frequency , optical properties of liquid metals ,
since we can readily determine of the calculated melting
entropy of Tjjihara corresponds to an expected change in the
optical conductivity , dielectric constant and reflectivity .
Extension to reflectivity as a function of laser power , and
the possibility of non-linear infra—red reflectivity are
discussed.

1. K. Ujihara , J. Appi. Phys. 43, 5, 2376 (1972)
2. M. Oniini , Phil. Mag. 26, 2, 287 (1972)
3. J. K. Percus and G. T. Yevick , Phys. Rev . 110 , 1 (1958)
4. E. Siegel - to be published .
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SURFACE CHEMISTRY AND ABSORPTANCE OF

CaF , AND SrF , AT DF AND CO WAVELENGTHS~

P. KRAATZ AND S. 3. HO LMES

NORTHROP CORPORATION
Northrop Research and Technology Center

Hawthorne , California 90250

ABSTRACT

The relative impo rtance of bulk and surface contributions to absorptarice in
t r ansmi t t ing  opt ics  at DF and CO wavelengths  has recent ly been discus sed ,
with  the o b s e r v a t i o n  tha t the su r face  contr ibut ion may be as much as 15 times
that of the bulk. ~ The nature of changes in sur face  absorpt ion and su r face
chemis t ry  associated with such p rocesses  as cleaning with organic solvents
or vacuum g low discharge  have not been fully exp lained . 1 , 2  To elucidate
some aspects of these problems , we repor t  resu l t s  of some invest igat ions
employing Auger electron spectroscopy (AES) in conjunction with DF and CO
laser calo rimetry. It has been found that exposure of CaF

2 
and SrF 7 to

vacuum glow discharge produces an initial, dramatic reduction in IR absorp-
tance , followed by an increase to an absorptarice exceeding that of the solvent-
cleaned sample , within 24 hours in the ambient atmosphere . The la t ter  e f f ec t
is riot reversible by solvent cleaning or repeating the glow discharge. 1mp h-
ca t ions  of these and other results are discussed in the light of surface states
and the elemental composition of surfaces revealed by AES.

1. Rowe , 3. M. , Kraatz, P., and Holmes, S. 3. , Calorimetric Absorp-
tance Measurements of CaF

2 
and SrF, at DF and CO Wavelengths,

Proc. Eighth Symposium on Optical Mater ia ls  fo r  Hig h Power La se r s ,
NBS , Boulder , Colorado, (1976).

2. Kraatz, P., Holmes , S. J. , and Klugrrian, A., ~‘Absorptarice of Coated
Alkalin e Earth Fluoride Windows at CO Laser  Wavelengths. Proc.
Fifth Conf. on IR Laser Window Materials , DARPA, 1975.

*Work suppo rted by Contract No. N0012 3-76-C-1321
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RESIDUAL ABSORPTION IN HF AND DF LASER WINDOW MATERIALS
FROM CONTAMINATION BY CARBONACEOUS AND OTHER IMPURITIES*

Philipp H. Klein

U.S. Naval Research Labora tory
Washington , DC 20375

Residual absorption in materials for infrared laser win-

dows and coatings can be increased more than an order of magni-

tude by undetected impurities. As little as one absorbing mole-

cule or ion in 108 (or even 1010) molecules of optical material
(0.01 ppmA) can result in bulk absorp tion coefficients of
cm 1 or more .

Experimental determination of such small absorption coef-

ficients is exacting . Reported values may therefore err by an

order of magnitude. Nevertheless , apparent extrinsic absorption

has recently been noted at 2.7 and 3.8 pm in specimens of alkali
halides and alkaline-earth fluorides whose absorption coeffi-

cients at 1.06 and 5.3 pm were approximately l0~~ cm~~ (1).
It has been suggested (1) that OH and CH impurities may be

responsible for the “extra” absorp tion at 2.7 and 3.8 pm. We

note that the carbonyl halides (COd 2, COF2, etc.), carbon sub-
oxide (C

3
02), 

bicarbonate ion (HC0
3
), carbonate ion C0

3
), and

formate ion (HC02 ) all have strong absorp tion bands in the 2600-
37O0-crn~~ region .

Every one of these substances contains carbon-oxygen

bonds. We estimate that as little as io
_ 6 

mole of any one of
these absorbers in 1 mole of matrix (1 ppmA) can produce lO~~
cm~~ of absorption at 2.7 or 3.8 pm . (Nitrates , nitrites , and

interstitial water are equally effective.) Our estimates were

performed by the method used by Duthler at 10.6 pm (2).

We have also calculated equilibrium constants for many of

the purification reactions used in preparation of these halide

ma terials. At the temperatures used for preparation of potassium

*Work supported in part by Defense Advanced Research Projects Agency .
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chlor ide  and bromide , carbon t e t rah a l i d e s  (Cd 4 ,  CF 4 ) r~~a di ly

react w ith hy d roxy l  impur i t i e s  to prod uce CO2. CO , or even C302
.

S i m i l a r  calculations for the higher temperatures used f o r  g r o w t h

of a l k a l i n e — e a r t h  f l u o r i d e s  show a somewhat  lesser tendency  ~~,r

f o r m a t i o n  of these gases.  I nco rpo ra t i on  of these p r o d u c t s  by
their solution in growing crystals could explain the extrinsic

absorption at the HF and DF wavelengths .

In con t ras t , our calculations show that pure hydrogen

ha l ides  ( H F , UC 1 , H B r )  do not produce any carbonaceous contamina-

t ion . They are less e f f e c tive fo r  removal of OH i m p u r i t i e s  than

are the carbon t e t r a h a l i d e s, espec ia l ly  at h ig her temperatures.

They also in t roduce  problems of equipment  d u r a b i l i t y. Neverthe-

less , careful selection of materials of construction for purifi-

cation and growth apparatus does make possible the use of hydro-

gen halides for purification of window materials for use at 2.7

and 3.8 pm. If excessive absorption in current materials con-

tinues to present problems , processing w i t h  hydrogen ha l ides  in

carbon-free equipment may be warranted .

Refere nces
1. M. Hass , J. A. Harring ton , D. A. Gregory , and J. W . Dav isson ,

Appl. Phys. Letters 28 , 610 (1976).

2. C. J. Duthler , J. Appl. Phys. 45 , 2668 (1974).
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*REFRACTIVE PROPERTIES OF INFRARE D LASER W iNDOW MATERIALS

Marilyn Dodge

Op t i ca l  Ph ysics Division , Institute for Basic Standards

N a t i o n a l  Bureau of S t a n d a r d s , Washington , D . C .  20234

The increased  use of hig h—power infrared lasers has resulted in a

need f o r  improved t r a n s p a r e n t  component materials to be used in large,

high—re solution optical systems . As a r e su l t , new materials havo been

developed and new techniques developed for the manufacture of heretofore

commonly used JR m a t e r i a l s  such as the  alkali halides and the alkaline

earth fluorides.

O p t i c a l  d i s t o r t i o n  as a resul t  of t empera tu re  g r ad i en t s  can occur

in transparent or semi—transparent components of h igh—power laser systems

at powers below that which would be required to melt or fracture the

component. ’ Knowled ge of the refractive index , n , and its temperature

dependence , dn/dT , of a candidate material to he used in a high—power

laser system is necessary before the amount of optical distortion which

might occur can be predicted . The stud y of these parameters is a part

of an optical materials characterization program~ which is currentl y

in progress at NBS.

The rofractive index has been determined for chemical vapor

deposited (CVD) zinc s~ 1enide , potassi um chloride made by reactive

;it aosphere processing (RAP), p t  assium chlor ide doped with potassium

iodide , and Iiot—f or~’td calcium luortde . ~1easuremcnts were made from

ni in the u ltrav i o lct to the infrared transmission cutoff by means

the mini m um—dev l i t  flfl met  hod on .1 pr k i i I on spec t rnm~- to  r f t~~o

t emper.i’ iu es , ne:Ir 2O~ C n~d 3 .4 °C. h ~~r f data wa~ fit ted to a
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three term Sellmeier—tvpe dispersion equation of the form n~ —l = ~

This e q u a t i o n  p e r m i t s  i n t e r p o l a t i o n  of index va lues  over the  w a v e l e n g th

rang e  of measured values w i t h i n  severa l  p a r t s  in ~~~~~~~~ The da t a  obta ined

at  the  two t empera tu re s  fo r  each specimen were used to c a l c u la t e  A n / A T ( ° C) ’

as a function of wavelength. The refrac~ i~~ index values and temperature

coefficients of index for these samp ie~; will he compared with literature

values.

*This  work was suppor ted  in pa r t  by the  Defense Advanced Research Projects

Agency.

1Sparks, M., J. App l. Phys. 42, 5029 (1971).

2Feldman , A . ,  ~talitson , 1., Horowitz , B . ,  Waxier , 1k. M . and Dodge , N . ,

“Laser Induced Damage in Optical Materials:  1974 ,” NBS Special  Publication

414 , p. 141, U . S .  Govt . P r in t ing  O f f i c e , Wash . (1974) .
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ThE PLIOTOE I ASTIC CONSTANTS OF POTASSIUM CHLORIDE AT 10.6 um *

Albert Feldman , Deane Horowitz , and Roy H. Waxier
Institut e for Mater ia l s  Research

National Bureau of Standards
Washington , D. C. 20234

The p ie:o-optic constants are needed to predict the distortion of optical
components sub jec ted  to hi gh power laser radiation . Thus , even though the
absorption coefficients may he extremely small , the residual  absorption in a
component may produc e a significant temperature rise. In general , the tempera-
ture distribution will be nonuniform , henc e, radiation propagat ing through the
component will experience a wavefront distortion which , if suf f ic ien t ly severe ,
may render the  component unusable in diffraction limited operations . Theoret i-
cal analyses show that optical distortion will depend on several factors , one
of which is the change of refractive index due to thermally induced stresses .
Thus , it is important to measure piezo-optic constants.

We have measured all the piezo-optic constants at 10.6 urn of reactive
processed (RAP) KC 1 and KCJ doped nomina l l y  w ith l% KI (KC 1 : K I ) .  The resu l ts
we have obtained are shown in Table I. The coeff ic ients  q~ 1 and 

~i2 describe
absolute changes of refractive index with stress , whereas q~~-q12 and q~~describe stress-induced birefringence. Within experimental error, we observe
no differences in the piezo-optic constant s of the two materials.

Table I. Piezo-Optic Constants of KC1 at
10.6 urn in Units of 10 12 m 2/ N .

Material q11 q12 qL~L~ q l l - q 12

RAP KC1 4.3 ± .3 2.8 ± .3 -3.4 ± .4 1.8 ± .4

KC1 :KI 4.2 ± .2 2.5 ± .2 -~ .6 ± .3 1.8 ± .2

The absolute piezo-optic constants q11 and q12 ,  are measured by a null
interferornetric technique1 , in which the stress-induced optic path change in
a specimen is compensated by a calibrated optic path change in a reference
specimen of Ge. The relative piezo-optic constants q11-q~~ and qt~ are
determined by a techni que employing a Ge compensator whose function is equiva-
lent to a Babinet-Soleil compensator.

In Table II , we present the elasto-optic constants of RAP KC1 calculated
from p iezo-optic measurements at 10.6 pm and near 600 nrn. Also shown in the
table are theoretical values calculated by Bendow , et al.2 The values near
600 mm are considered to contain only an electronic contribution , whereas the
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values at 10.6 ~rn contain both an electronic and a lattice contributi on .
The theoretical model predicts a dispersion in all the coefficients from
the visible to 10.6 urn , whereas the experimental values of P11 and P12
suggest a negli gible dispersion . Moreover , the dispersion of the experi-
mental value of pt4 z4 appears to be of opposite sign to the theoreticall y
predic ted d i spe r s ion .

Table I I .  Experimental  and Theoretical
E la s to -Op t i c  Cons tants  of K C1.

Theory Exper iment

P 11 P 12 P~ u P 11 P 12

E lec t ronic  .182 .134 - .026 .21 .15 - .029

10.6 urn . 232  .116 - .040 . 20 .15 - .023

Research supported in part by the Defence Advanced Research Projects
Agency.

1A. Feldman , R. M . Wa xier , and 1). Horowitz , “Measuring Photoelastic and
E l a s t i c  Constants  of Transparent Mate r i a l s  by Appl ica t ion  of S ta t i c  Stress , ”
in Op t i ca l  Proper t ies  of Highly Transparent Solids , edited by S. S. ‘titra
and B. Bendow (Plenum P u b l i s h i n g  Corp . ,  New York , 1975 ) pp. 514.

2
B. Bendo w , P.  D. Gianino , Y. F.  Tsay , and S. S. M i t r a , Appl .  Optics  13 ,
2382 (1974) .
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AH :c )RB I~~ ; PP I X I P I TA TEP IN CADMIUM TELLURIDE : ESTIMATES FOR

CATASTROP H IC LAS ER- DAMAGE THRESHOLD S

Herbert S. Bennett

~a t ional  Bureau of standards , Washington , D. C. 20234

and

Cyrus D. Cantrell

Los Alamos Scientific Laboratory , Los Alamos, ~ew Mexico 87544

SUMMARY

u l i c CdTe is a promising infrared material for laser optics .
Absorption sites such as Te , In2Te3 ,  and CdT 2 are present in CdTe
samples 1 and may absorb s u f f i c i e n t  radiat ion from an incident laser beam
to produce deleterious stresses w i t h i n  the CdTe host . In this paper , we

~stimat the stresses which occur near such localized absorption sites
~ .d the thresholds for thermal extrinsic damage to occur . Applying the

~inear-~ ncoupled—quasistatic thermal elastic theory to absorbing poly-
crystalline aggregates in CdTe , we have derived expressions for the
stress tensor components as functions of the laser power and pulse wid th
and of the size , optical , thermal , and mechanical prope rties of the
absorption sites and host.2

To i l l u s t r a t e  numerical predictions , we compute the thennal
stresses cear polycrystalline Te absorption sites in the size range from
0.’. n to over 10 urn. Our calculations indicate that thc heating of such
‘ e rrecip itates , when subjected to laser beams with 100 ~~ /cm 2 powe r

er.~ i t ies  and with 200 ns or 500 ns pulse wid ths , may produce therm al

~t~~sses which are comparable to or exceed the fracture strength of CdTe.
he optical , thermal , and mechanical proper ties of the host mater ial

~crr . nate in determining the maximum tensile stresses near absorbing
sites. : ence , we expect that , even though the quantitative predictions
will differ among In2Te3, and CdC12 precipitates , all such absorb ing
sites i :  t i e  ahove mentioned size range , when subjected to the above
r”ert i on e~ laser beams , may produce thermal stresses which are comparable
tr or exceed the fracture strength of CdTe .

Usinq a value for the absorptance of the absorbing precipitate equal
to one , we give in Fig . 1 , the calculated maximum tensile stress 080 

(max)
as a fur~ction of the size r0 of the absorbing precipitate . The laser
power density is F0 = 100 ‘%J/crn , and the + and G1J denote data points
for laser pulse wi?lths of respective ly 200 ns and 500 ns. The stress
components in the host CdTe are proportional to the Young ’s modulus of
the hos t in the direction of the stress E j j k .  The minimum va lue of
the Young ’s modulus for s ingle crystal  CdTe is E 100 mmm 

= 2.61 x 10 10 N/rn 2 .
The measured f r a c t u r e  s t rength ~ of CdTe lies between 1.38 x i0 7 N/Tn 2 and
2.75 x 10 7 N/m2 and hence is denoted approximately by the clashed line of
(E 10 0

m1n /l000 ) in F ig .  1.
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From these data , we then show that  precipitates in the size range
from 1u cm to over 10-2 cm have a high probability to produce catastrophic
danaqe in the C~ Te host crystals when subjected to laser power densities
of the order of 100 MW/cm2 for 200 ns to 500 ns.

In view of the above conclusions , researchers have some options .
They may increase the size of the infrared optics and reduce the power
density in then ; they may devise ways to reduce all potentially damaging
preci i i tates to tolerable s izes ;  and they may encourage the mate r ia l s
scientists to develop new alternative infrared materials with improved
f i gu re s  of mer i t  when compared with presently available materials such
as CdTe .

Refere nces

1. T. J. Magee et al., Phys. Status Solidi A 27, 557 (1975).
2. H. S. Bennett and C. D. Cantre].l, to he published .
3. G. E. Kuh l, in Proceedings of the Conference on Hi gh Power Laser Window

Materials , Oct. 30 - Toy. 1, 1973 , edited by C. A. Pitha , U.S.A.F .
C&’rLbridge Research Laboratory Technical Report TR—73-0372, Vol. II ,
p. 607.
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P U l S E  I A S F R  DA M A G E  IN T N F R A R E D  M A T E R I A L S

M i c h a e l  Bass

Cen ter  for  Laser St u d i e s
U n i v e r s i t y  o f S o u t h e r n  C a l i f o r n i a

Los A n g e l e s , Ca l i f o r n i a  90007

The ph e n o m e n o n  w h e r e b y in t ense  b e a m s  of l a s e r  li g ht cause

c a t a s t r o p h i c  d a m a g e  to both t r a n s r n i s s i v e  and  r e f l e c t i v e  o p t i c a l

com p o n e n t s  has  been a m a j o r  i r r ip edi rnent  to t he  d e v e l o p m e n t  of more

powe r ful  l a s e r  sy s tems .  In g e n e r a l  the  des i gner  has  t r i e d  to dea l w i t h

t h s  problem by im p r o v i n g  the q u a l i t y  of the  m a t e r i a l s  used  in the .

componen t s .  by im p r o v i n g  s u r f a c e  f i n i s h i n g  t e c h n i q u e s , and by a s s u r i n g

t h a t  c e r t a i n  m a x i m u m  flux d e n s i t i e s  a r e  not exceeded.  These  e f f o r t s  have

lead  to i n f r a r e d  op t i c s  w h i c h  work i n  hi g h power s y s t e m s  but w h i c h  a r e

very large and therefore very expensive.

studies of the  m e c h a n i s m s  whereby the components  damage  have b ern

pe rformed in order to provide t he des i gners with the necessary data and to

su~ gest means whereby materials mi ght be improved. A summary of the

r e p o r t e d  d a m a g e  f l u x e s  at 10. ( 
~j  m show s the following s t a t e - o f - t h e - a r t

capa l~~~~t i e s

L M o s t  good d i e l e c t r i c  c o a t i n L ’s c:an r e l i a b l y w i t h s t a n d  a t  mos t

0. c (YW/cm
2
.

2. j\ ptc~~ed and bul led  s t i r h a c e  of an alkali hal ide can w t~istand

U u~ 
~ t h a t  of good ulk  m a t e r i a l .  C o n v e n t i o n a l l y  poli  s t e d

,~! k a l i  hal d’ s ( i t i  wiIh~~t~~n’t rio m o r e  t h a n  1/ 10 ~he hulk 1~re~ u : r~.;fl

1. ‘:1k (l a ~ i :1L ’(  t o  L’efld \a (’loccurs ~ 10 G \ \ / e T l  2 a~~1 may

;ii ’~~~ri l v  t ’ l e c t r n n  avala:ic h~ Lreakdown. V (1 can be oI~~a ’ied



ThFI-2

f r o m  c o m m e r c ia l  s o u r c e s  w h i c h  d a m ag e s  a t  f lu x e s  a s  hiL ’h as

7 G W / c m 2 
or a s  low as 0. ~~~~ GW / c m

2
. The lower  v a l u e s o c c u r

i n  s a m p l e s  h a v i n g  m a n y  in c l u s i o n s .

4 . D i a m o n d  t u r n e d  m e t a l  m i r r o rs  can h a v e  d a m a g e  t h r e sh o l d s

- 3 GW/ c m 2
. but t ’ . t s  m ay  r e p r e s e n t  the  upper  l i m i t  t c (  au s e

d a m a g e  to m e t a l  m i r r o r s  ap p e a r s  to he c a u sed  by a b s o r p t i o n .

The p r i n c i p a l c a u s e  of d a m a g e  to t r a n sp a r e n t  m e d i a  a n d  o p t i c a l

c o a t i n g s  i s  t h e  p r e s e n c e  of i n c l u d e d  d e f e c t s.  Seve ra l  t y p e s  of e v i d e n c e

for  t~ t i s , s uch  as  i r r e gu l a r  d a m a g e  m o rp hology,  s i t e  to s i t e a n d  s a m p le

to s a mp le d a m a g e  t h r e s h o l d  v a r i a t i o n s  and  a d ep e n d e n c e  of d a m a g e

t h r e s h o l d  on the  a rea  (v o l u m e )  i r r a d i a t e d  can be c i t ed .  A s  a r e s u l t  of

c e r t a i n  e xp e r i m e n t s  w he r e  ca re  w a s  taken  to t ry  to a v o i d  a n y  d e f e c t s .

it w as  c o n c l u d e d  t h a t  t he  i n t r i n s ic  d a m a g e  m e c h a n i s m  was  e le ct  rn

a v a l a n c h e  b reakdown.  W h i l e  t h e r e  i s  g e n e ra l  a g r e e m e n t  t h a t  t h e  t i l i m a t e

i n t r i n s i c  da m a g e  m e c h a n i s m  is  a v a l a n c h e  b reakdown , r e c e n t  r e s u l t s

s u g g e s t  t h a t  d e f e c t s  may  s t i l l  he r e s p o n s i b l e  even in  e x p e r i m e n t s  w~ie re

the irra diated volume i~ so carefull y selected.

In this pape r experimental data for 10. 6 ~~m and 3. 8 ~m pulsed

l a s e r  d a ma g e  t h r e s h o l d s  to a v a r i e t y of i n f r a r e d  op t i c s  w i l l  be r ev i ewed  and

t h e  m e c ha n i s m s  r e s p o n s i b l e  w i l l  be d i s c u s s e d .
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IRR EV ERSI B LE LASER DAMAGE IN IR DETECTOR MATERIALS

F. B a r t o l l , L. E s t e r o w i t z , H. Kruer and R. Allen
Naval Research Laboratory
Washington , D.C. 20375

irreversible laser damage in infrared (IR) detector materials
is reviewed and new r e su l t s  are p resen ted . I n f r a r e d  detector
materials are quite suscept ib le  to therma l damage due to  intense
laser  radiation , since their absorption coefficients are usuall y
large , i.e. between i0~ and 10 cm— ’. Typical absorption
mechanisms for these materials include band—to—band absorption
f or photodiodes and intrinsic photoconductors , and lattice
absorption for uncoated pyroelectric detectors . At sufficientl y
high optical flux levels , free carrier absorption can also be
substantial. A theoretical analysis of laser damage in these
materials must treat not only the relevant absorption processes
but also the time—dependent heat conduction occurring for a
specific sample geometry .

Four therma l models for laser—damage employ ing closed—form
solutions to the heat diffusion equation are reviewed. These
models treat a uniformly irradiated semi—infinite solid , a semi—
infinite solid irradiated by a Gaussian beam of arbitrary diameter ,
and two composite layered constructions irradiated uniformly’
These models are successful In calculating damage thresholds for
certain detector configurations and irradiation conditions .
However none of these models can treat both radial heat
conduction and the effects of the composite layered construction
of the detector . These models also assume that the material
properties are independent of temperature and optical flux .

A generalized two—d imensional numerical model based on a
finite element techn ique is presented which treats both radial
heat conduction and the layered detector construction . This
model takes Into account all relevant details of detect or
geometry and thermal confi guration , as well as time—dependen t
irradi ant conditions and changes in material properties with
temperature and optical flux. This model has been found to
success full y describe laser—damage for cases where the closed—
form solutions do not app ly.

Our recent experimental results on HgCdTe photodiod~s,
which illustrate the need for the numerical therma l model ,
are shown in Fig. I together with experimentally determined
damage thresholds for HgCdTe material. As shown in the figure ,
significant differences in measured thresholds were obtained
between u n i f o r m l y  Irradiated samples and those irradiated by
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a small Gaussian beam . Models based on closed—form solutions
were not able to account for t hese  differences since they do
not treat both radial heat conduct ion  and the composite l ay e r e d
c o n s t r u c t i o n  ot  the  de tec to r . The two dimensional numeri cal
model was employed and found  to agree well  w i t h  the e x per i nen t a l
d a t a .

Laser—damage  t h resho lds  have been d e t e r m i n e d  ex p e r i m e n t a l l y
for  a w i d e  v a r i e t y  of JR detector mater ials , chosen for detector
operation in the 1—3 urn , 3— 5 urn and 8—14 urn speclral regions .
As an exam p le , threshold  values  of I :~ser energy d e n s i t y  E0 are
p lotted in 11 g. 2 qs a function of irradiation time for several
8—14 ;nl dete~:tor materials. The m a g n i t u d e  of the damage
t h resho lds  and relative vulnerability of the different detector
m a t e r i a l s  are analyzed . The overall susceptibility of the various
generic classes of detector materials are summarized and explained
i n  terms of the relevant physic~ I processes and thermal
c o n f i g u r a t i o n s .

I I I I I

Hg Cd Te /
/

• -FWHM ~0.25 mm /
I0~ .- FWHM 10 mm

~ II~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ LIU
,~).7 io~ cr 5 iO~ j Q 3 10 2 l0’~ i0~ lO t

r (sec )

FIg . I. tlc ui ai~~d nergy clt’ns it v d i rniqe thr esholds to a f u n c t  ion
i t  i r r a d i t t  i~ ’ri t ime ~~r lIgCd l’ i h i t  id i c i d e ~ . l x l i ’ rj I ’ l ( i l t j I d i t a
Oti Hg ( d F .  m:t~ c r 1  i t  t i e  oliown I or tv dift t e n t  I r r a d i i t l o n  ( O f l d i t l i ’ t t O
r ir lt ’’ —G ,uo , ito b~~ n , s’~i i i i i s— approxim.it ~~1v unit r~ irr. id l i t  ic i n~

_ _ _
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I I

iou

IO~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~to 6 
~ 0 ~ 10 4 10 3 ~~ 2 10 I O~> 11 , 1

T (s I

Fig. 2. Values of Eo as a function of irradiation time for several
8—14 put detector materials. These theoretical curveo have been
validated experimentally.

J
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(Invited Paper )

IN FRARED STUDY OF ANOMAL (~
)US EXCITATIONS IN GLASSES

A. J. Sievers

Laboratory of Atomic and Solid State Physics
and

The Materials Science Center
Cornell University

Ithaca , New York 14853

An intriguing feature of amorphous dielectrics is the presence of low

frequency anharmonic modes , these are qualified as ‘anomalous” since they

contribute to large deviations from the expected crystalline behavior. The

first clear evidence that these anomalous modes represented a genera l

phenomenon in glassy materials was obtained from the low temperature specific

heat and thermal conductivity measurements of Zeller and Pohl
1
. For a variety

of glassy materials they found a linear temperature dependence ‘i f  the specific

heat and a thermal conductivity whose temperature dependence and magnitude~

were the same for all glasses . Extensive measurements of the specific heat
2

of a large number of glasses have confirmed the presence of anomalous excita-

tions in the energy range below a few cm 1. Additional evidence for such low

frequency excitations comes from ultrasonic attenuation experiments3. Finally

the observation of boundary scattering In small glass fibers has shown that

Debye—like phonons carry the heat (as In a crystalline solid) and that the

excess excitat ions observed in specif ic  heat measurements do not themselves

carry heat through the crystal
4. To account for these special modes a localized

tunneling model
5’6 has been proposed in which atoms , ions or groups of particles

quantum mechanicall y tunnel between two or more equivalent sites . The linear

dependence of the specific heat has been obtained from this model by including

a statistical distribution of barrier heights and asymmetries for the local

potential. One straightforward prediction which this model makes is that the

- S -~
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emperat ti n dep e nd en c e  of the far  I nf ra red absorpt  li ti ( o e  ti  i ci ent should be

d et e rm in e d  by the  occupat i on numbers  of a sma l l  number of ene rgy l eve l s  as—

- ‘ e l a t e d  w i t h  the tunneling manifold. For example a (list ributlon if infrared—

~t t  ti vi’ two—leve l systems w i l l  produce an i n f rar e d  absorpt ion  which dec reases

with i n c r e as i n g  temperature in a well—de fined way . In this talk , we shall

discuss a variet y of measurements of the tempera ture—dependent  absorpt ion

c o e f fi c i e n t  ol  a m o r p h o u s  d ie lec t r ics  i n  the  f a r  i n f r a r e d . I n  inc res t r ic ted

t empera tu re  and l requencv regime a dec rease in absorp t ion  c o e f f i c i e n t  with

incr eas ing  t empera tu re  is observed as expected while in another temperature

and f requency  rang e the absorpt on c o e f f i c i e n t  increases with increas ing

temperature
7
. A complete mapping of the absorption coefficient versus frequency

and temperature for a number of glasses demonstrates that both ground state

and excited state transitions are observed in the far infrared . In addition

the results are consistent with the presence of widely spaced manifolds of

energy levels. All of these results can be explained with an asymmetric

tunneling potential model . At frequencies above 10 cm
1 
a mod est t emperat ure

dependence indicates that resonant mode transitions are being measured .

Apparentl y the spatial inhomogeneities in glass provide a natural habitat

not only for Debye—like phonons but also for localized modes , resonant modes

and tunneling states — excitations which in the past were associated exclusively

with slightly perturbed single crystals
8
.

* Work supported in part by Energy Research and Development Administration ,

Grant No. E (ll—l)315l .
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MULTIPHONON ABSORPTION IN MIXED A~~2 S 3- GeS 2 GLASSES

D . S .  Ma , P .S .  D a n i e l s o n , C .T .  Moynihan and P.B. Macedo
Vi t r eous  State Labora to ry

Catholic University of America
Washington , DC 20064

Glasses in the mixed chalcogenide system A52S3—GeS2 are pre-
sumed to possess a network structure consisting of pyramidal
As53 and tetrahedral GeS4 cooordination centers bridged by sul-
fur atoms. According to the Molecular Model of Lucovsky and
cowor k ers the AsS 3 and Ge54 coord ina t ion  centers  are coupled
v i b r a t i o n a l l y  onl y very loosely, so that the IR and Raman
spectra in the fundamental region should consist to a first ap-
proximation of bands due to “molecular ” AsS3 and GeS4 grou ps.
In the multiphonon region the IR spectra are similarly expected
to consist of overtones and combinations of the highest frequency
fun d a m e n t a l s  of the  AsS3 groups and of the GeS4 groups . Due to
the loose coupl ing  of the neighboring AsS 3 and GeS groups ,however
no mul tiphonon combin at ion bands con t a in ing  cont r ibut ions from
both AsS3 and GeS4 groups are expected. If these hypotheses
are correct , then the absorpt ion c o e f f i c i e n t  at a g iven f requency
in the mul tiphonon region of a mixed As2S3-Ge52 glass should be
given by the sum of the absorption coefficients of the end member
glasses weighted by their respective volume fractions:

f
i

i 
i

+ f 2 2  ( 1)

where is absorption coefficient , f is volume f r a c t i o n , and sub-
scripts 1 and 2 refer respectively to the pure As2S3 and GeS 2
glasses.

A series of mixed As2S3- GeS2 glasses have been syn thesized
and their IR spectra measured in the region where absorption is
due to two and three phonon multiphonon processes (500-1250 cm ’,
8-20 tim) . Good agreeme~ t is observed between the experimental
absorption coefficients and those calculated from the end member
spectra via Eq. (1). These results thus support the Molecular
Model of Lucovsky and coworkers as a first approximation account
of multiphonon processes in network glasses containing more than
on e type of coord i na tion cen ter .
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AN ASSESSMENT OF Ce—As—Se 8—12 pm INFRARE D OPTICAL GLASSES
FOR APPLICATIONS [N THERMAL IMAGING SYSTEMS

A N Pit t , J A Savage and P J Webber

Royal  Si gnals and Radar  E s t a b l i s h m e n t
lalvern , England

SUMMARY

There is much interest in infrare d (IR) scanning systems and p y r o e l e c t r c
v’dicons for thermal imaging at wavelengths within the ran g~ 8 t o  12 ~.m.
Lens materials of excellent optical quality are required t obtain the
optimum performance from such systems . Generall y a sing le germanium 1. ns
is used , but if the highest resolution is required then the small degree
of chromatic aberration in germanium must be corrected by n~ ans of an
additi onal component wh i ch could be made from a chalcogenide glass possess-
ing a refractive index of about 2.5 and an appropriate value of reciprocal
dispers ive powe r wi th in  the range 100 to 200. The reci procal d i s p e r s i v e

n io~
1

powe r between 8 and 12 pm , V8 12, may be de f ined  as 
— 

, where n is
8

the refractive index. Other requirements are , that the uniformi ty of re-
fractive index be maintained within + 0.00005 in an optical blank , that
the glass transition temperature be in excess of 150 C , that the glass
should be thermall y stable when made in batch sizes of 5 Kg,  that the
mechanical strength and surface hardness should be as high as possible ,
and that the t he rma l  expansion should be as low as possible.

In 1964 (1) the glass forming region for 20 gm m e l t s  in the Ge— As—Se system
was repor ted  t oge the r  w i t h  i n f o r m a t i o n  showing t h a t  the oxide im p u r i t y
absorption in these glasses could be greatly reduced and hence that these
glasses were in princi p le suitable for 8—12 pm app lica tions . Since that
time work has been done to establish the physical prope rties of selenide

g i asses (2
~

3) 
and this has enabled industrially makeable glasses to be

idenified.

This paper will demons trate the influence of oxide impurity on the JR
transmission of the three glasses , Ge20 SeSO , As40 Se6O , and Ge30 As15
Se55 from the Ge—As—Se system. Graphs of JR transmission will be presented
and quantitative plots of oxygen concentration against JR oxide absorption
coefficient will be shown . A brief account will be given of the prepara-
tive techniques wh ich enable glass to be made with oxide contents of the
order of 1 ppm wt as measured by a gamma photon activation technique .
Measured da ta will be presented on glass t ransition temperature , therma l
exp ansion coefficient arid refractive index. The range of V8~ 12 f r om 110

to 159 for the glasses in this system will be discussed in relation to the
basic physical proper ties of these materials and it will be shown that
useful glass composi tions for bulk synthesis are available in the system.
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Tenperature Derivative of th~ ~efractive Index of Diamond ,
John F o n t a n e l l a  and Richard .Johnson , Phys ics De par tmen t , U. S.
Nava l Academy , Annapolis , MD 21402 and Carl Andeen , Ph ysics
Department , Case Western Reserve University, Cleve la nd , OH 44106

The dielectric constant  fo r  d iamond is measured at audio frequencies

over the temperature range 5.5 — 400 K. The temperature derivative

of the refrac tive index is calculated from the data and compared

with the predictions of recent theories. 
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ANA LYSIS OF INF RARED REFLE CTI V ITY I~ THE PRE SENCE
uF ASYMMETRICAL P!4ONON LINE

F. Gervais and J.L. Servoin

Centre de Recherches sur la Physi que des Hautes Temperatures

C.N.R.S., 45045 Orleans , France

Lithium niobate and lithium tantalate are ferroelectric crystals

which undergo a ferroelectric paraelectric phase transition at hi gh

temperature , 1480 K and 891 K respectively. Their technical importance
is well known . The present paper reports severa l method s of analysis
of infrared reflectivity spectra applied to these important materials
taken as an example , in the situations where either the spectra are
incomp lete , that is the present case , and consequently a Kramers -Kronig
analysis appears unsu itable , or when a 1(1< analys is would be of doubtfu l
validit y due to experimentaluncert ainties in certain spectral ranges

~,here reflectivity data play a dominant role in the calculation of the
phase. In addition , casting aside the lattice dynamics of the so-called
soft mode which is extensively studied , we will consider the behavior
of all TO and LO A 1-type modes in both compounds and consequently the

dielectric function and optical constants that they yield , in the vicinity

of the phase transition . Recent results in quartz indeed 1 have focused
attention on the possibl e “critical” behavior of any vibrational mode
in the vicinity of phase transitions.

The temperature dependence of the infrared reflectivity is presented
from room temperature up to 1175K in LiMbO 3 and up to 1280 K in LiTaO 3
for the extraord i na ry ray. Room temperature data had been fitted with
the classical dispersion theory (3 parameters per polar mode : oscillator
strength , TO frequency and TO damping ) by Barker et al. 2 We were unable
to fit the spectra obta i ned at higher temperature with r~ del . We have

tried the factorized form of the dielectric function
2 2

- jLO 
- 

~ 
+ 1

~JLO
- It

~ jT O 
- 

~~



wh ich runtains a fourth parameter per polar mode , viz , the damping

of the long itud i nal m de and nay yield better fit in the case rf v~ide

ref lectiv it~ bands as ~ho~,i previousl y,3 but wo did not succeeded for

most of t o  spectra . T~ is is due to an asymmetry of lo t h TO near

600 and LO reu r 400 cm ’ lines . Mode-mode coupling or a frequency-

uepondent damp ing function may cause as’~i g~ietr ical line shapes wherea s

the model eq. (1) inv olves constant dampings and thu s is not appropriate.

Th e two-mod e coupling model proposed by Barker nd Hopf ield 4 has been

considered . The factorized form (1) of the dielectric function can be

easily modified to account for such a coupling. Non—diagonal terms of

the form k~2 + i 12. in the ~x2 coupling matrix should be riere ly inserted

into the product of resonance terms. Two TO coupled modes p lus a set of

uncoupled modes can then be described by

- ~~ JLO ‘ jLO ’ 
_ _ _ _ _ _ _ _ _ _ _ _- 

~
(
~~o 

2~ lTO~~~~2TO 
2~ - (k~2+ ‘ 12 ~ JTO 

2~

(2)
On the other hand , since the damping function mirrors the two-phonon

density of states , when there ex ists an intense peak at the frequency

2ph 
• w~~, an overs implification of the lowest-order self-energy

function b lea d s to

(
~

) + i~ (~ )/2 = .
0 + i~0/2 + ~21(~ - 

~2ph 
- (3)

Figure 1 shows the best fits to the LiMbO 3 data at 1175 K with the aid

of the dielectric function models eqs. (1), (2) and model 3 which is

eq. (1) with the inclusion of eq. (3) for the 572 cm’~ TO mode only. The

fit appears excellent with the last model.The temperature d ependence of

o E* p
1175 K

0.8 ............
~~~~~~~ 2

0.2

—- ~~~~~~~~~~~~~ ~_L ~~~~~~~~~~~~~~~~~~~
1 . H ~

W~~~~ N~~’)P I H cm~~ I Fi gure 1
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the phonon self-energy of the .~6OO cm~~ TO mode calculated
from a modified version of a Kramers-Kronig analysis 6 is presente d in
figure 2 and shows an intense two-phonon pea k near 450 cm~~ whi ch is
thus accounted for (model 3).

It is to be emphasized tha t the actual position (below 300 cm 1
) of

the soft TO mode (which is taker~ from Rama n data in fig. 1) does not

influence markedly the values of the parameters of the other modes and

eve n has a m in or effect on its own 
~TO’ 

This is due to the fact that ,
as soon as LO frequenc i es are fi xed , the sh i ft of the soft TO frequency
is accompanied by a considerable change of the oscillator strength . As

a resul t , the dielectric function and consequently reflectivity is

litt le affec ted beyond 300 cm ’. Some confidence may thu s be attached

to the frequencies and dampings obtained when a good fit to experimental

data is achieved and their analysis as a function of temperature , espe-
ci all y near the phase transition , gives information on anharmonic and

quas i harmon i c effects .
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F1~ E~ 1lSS10N FIWN n -TYPE II g 8
Cd ,,Te IN ELECTRiC F1ELL)S

U. N irntz and E. Tvsseti

I i  . P l iv sj k , j ij s c l i c s  Insti tut dci’ U i i i v e i s l  t~ i t zu hou r

I p iclier Stiusse 77, L)— 5000 Köl n / (Iermuiiv

W~ re purt .ibuut a strong F1i~ emission which was observed when

d c c  Lr 1 C l i e  Ids .rc np 1 lied to  t i — t y p e  Hg 1 
Cd To . The composi—

t i li r a t i ,  ~~,s x = 0.~~ . 
( The samp le data are at 77 K

0 = 1.... 10’1O~~ electrons/cm 3 .~iid u = 300 000 cm~~/Vs ). Thu
i.1 d i. ti xi occurs in electric fields of  the order of 1 V/cm . .nd

t’as olisei ’ved in pulsed as in d.c. fields • The iriteil si Lv of th e

~~,1i .1 SSIUII varies l i n ea r ly  with d e c  tric fields up Lu a field

s tre ng t h  u t  wh i ch  a samp le heating takes p lace. For a samp le

surf . c e  of 1 cm a t o ta l  i n t e n s i t y  up to io~ W has been measu—
red. Thc s p e c t r a]  ; ri a l~ ’s is  car r ~~ ‘1 o u t  by a F our ~ t-~r Sj ) C C  t L ’ u t l i C—

ter revealed the emission of a line at 120 cm~~ ari d a b ,~ i i d  ub~-

ye 150 cm Typical results are shown in Fig. 1. lt was foun d

U i . .  t t h e  r.i di~ L i ii dues not do 1 end on magne tic fields at least

I I I  I i t ~ Ids u~ t0 5 T. As S e en  from Fi g. I the i~ip iicat i n  1

m , .&;1 t i ~ I i e l d  dues ~ a t  shi f t  tOte frequencies ‘1’ the i djnt .i ~n

Fhu ‘ui i ssiuIl i s s  observed in t h e  temperatur e r an g e  between ‘1 .2K

a t  1 (0 K

A t  ‘ r e s t a t  L i i i s Fli-( r a d i a t io n  e m i s s i o n  is  f l at  fully u iid et stw d.

l I , w e v n i  , there were ,bserved main pruper~ ii ’s i t n  iiidepe nde ii ce

ol t i ’  r a d i . t .itiil o f  t h e  m agnetic Field. his reve ls tI t. e n  —

duc t ion ha nd st t t ’ ,~ a l ’ O h u t  I I I V . ) i V t O i  j f l  ( h i  C l f l 1 S S 1 i~~~I f ) i  - C O s ~~~.

~~i 1 , ( ’ ’ tile e l l e e  Live c li - ! l e t .  ni~~~~~ i~~i t h e  con d u C t  L o l l  t , , . i ~~i ~~~ V i i  \

s m a l l  a r n .i~in t i c .,l I v  h r o I r i C e ( l  s h i F t  of t h e  t’lfli5~~~r u I ,  I 1 1 l i ~~ 1

s mi me V i , , ;  i i  I d to’ c ‘~ ~~~ C t ci ii ( U (I uC t_ I ‘ I i  h~ i i i  s ~ , I • s • m c  I I i  \ —

d I I i  t. h O  t 1’ . 1 “ I t I oi l  S • I ~ ) t Ii ‘ O flh i 55  i o i l  i l l  i s 0 to’ i e c ’ ci a I I l i i

t i l l ’  r i .  y t i  t t i a  h h i r I e  ~ t v ~i~ r u s i s t i u l i l  . It ~~~~~~~ ( \~~~li ’ I  I f l i L i l  —

.1K pr v t ]  i l m ~~ t tIn t m r ~~st Ll i s i l  ~r eiit ’i’ ,,tecI i i .  1 0 t e i i t  m l

1 l i i  P U S I I I  I lit ’S 1 o i l  a c t s . A Is,, V .  1, 1 us ti e I It - ~f r . —

I . 1  J u t  cii t i l t ’  SoF ) 1~ , I ( ’  .sui’ I c~~ hi . v~ l , e e j i  up~
,i i t - t i  i i  I i  t i n t
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c h i e m i c i l  etc h in gs amid mechanic,,1 p~~I i s h i i n i g .  hl wc’ vvn , r h o  cm i  s—

S i o l l  I s I S t o t  s igriific . ii t I y influenced by these diffi’ro,it pro —

ceduros o t  samp le preparati ti. Tent ativel y c~ e .~~ssum e the FiR

c m i  s s  i o n  to  be due ti acceptor states. There WaS Ic ’ J ) r tc ’d in

So n ic  in~’cs tig..tioIis e.g. about t h e  e v i d e n c e  al icc.’ ; t~~~r S t a r t ’ s

c . ’ r r e s p ’ ’ i i d ~~ ti~~ t o  Hg — vacancies i i i  ( t i c ’  m l\t’ d c r v s t . I  system. At

present it is assumed tihit iii  pure Ci’ v S  t ,l s , t C c c ’ f t t  . r  ari d d t i ’ i

states caused b y I , t t l C u  Iof~~eL~ . t ~~~’ :‘ ‘ C . -
~~~ u lu—

I t i i i i I Y  t i l e  C ’ t i l u l S i C  carii. ui de~ ,~~j L i e .s. ,
‘cc,, l i t  I s  u a ’ I l  k ‘ - i

t h i - t  t i l e  number uf these defects limit s t o ’  Iii: ~ Ii p c i ’ 1  i’m H u e ’

of 11~ tie t e e  tars. At  t i l e  m o m en t  Ise assum e t hi t t li t ’ cm I S S  1 I I  C o t ’ —

r&’sponids t o  such a lattice defect l i v i  rig energy I c-Vt ’  is 3.7 meV

c d  18.6 meV above the valence b i n d .

1 ) R • Du riih.t us and U • Nimt z , SN ,Lnger Tr,i c t in ~1 oh’ mi Phvs I cs

V~ l . 73 ( 197b

F ig. I : FIR emission spectrum from ri~~type Hg 3
Cd )1O , t t  t w o

magnetic fields . ( T = ti.2 K , E LI V/cm
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INFRARE D PROPERT IES OF STO ICHIOMETR IC AND NON-STOICHIOMETRIC
RUT ILE Ti02

F. Gervais and J.F. Baumard

Centre de Recherches sur la Physique des Hautes Temperatures

C.N .R.S., 45045 Orleans , France .

Ru ti le Ti02, wh i ch is not ferroelectri c , exhib its however high values

for the stat ic dielectr i c constan t i O. It has lar ge refractiv e i nd ices
ariu the present study reports an appreciabl e increase of the dielectric

cons tant ~ “seen ’ by the infrared reg ion , in non-s toich i ometr i c samples .

£ i ndeed increases from 6 for the ordinary ray of T i02 up to 8.3 in

Ti0 1 96, for examp le .

While stoich iometric rutile has ins u lating properties at room tempe-

rature . the absorption coefficie t. in the transparent reg ime hetweer, ]500

cod 3000 cm 1 is found to ircre c se with temperature above 1200 V much
,~iore rapidly than one would expect ~rorii the laws for multiphor r on absoro-

t ion , as wi uely discussed ~ t recent y~ars , when compared to coru ndu~~
f a example. Ruti le Indeed ecoat s a c.er,iiconductor comp cuno ‘it hi uP

temperature or even at room temperat~~’e ~lier the s un ple is ir ’~ ia i l~
reduced , owi r ig to loss of ex~gerl , and absorpt lol l h~ charge c i r r ’ ie ’ -~ lid
play a do m in c r t  part.

T he p r e -~e r t  ~.- ‘ ~~ ‘ e t  rc ~ cr t S  t ile infr i ed ref l~ c t iv ~ t .  (270  - ~O0O

of 1102 X  samp les  v, i is ~ var y ing f ro :  0. 11 to 0.1. The t i’r’~
-.or ~ - - depen —

o ur ce of i r . t r ’ - 1 re f lec t ion  pec t  i of ~~ ich iu i i tr~c i’ut ile ~ii th emp oasis
2on ‘ ter r -e le c tii- ‘ p r .  ‘tie s has loon t u d i . I re ¶ - c t l v ,  ir T i O . the- _~~ —x

f r LhL~ er cy of he plas mo r W i l l h is found i r f t r eas es up to 530 cm . Due to

~,b e  V ~ ‘ i i ’ : P l .d o l d e r  ‘ - Ut t~ e plasmo r e x c i t a t i o  the clamp ’ rg :  of t i e

L) p honon—p lasrnur cO~~leo i de - . o re r- ia P h r~~’’ r t i rm tho~ o (P co rrP ’~z p u r —

dir i~ ro phuri on triode s so t h a t t i e  c L~ssi al t l1t’~ j r ’~ 01 ; spe ’-sion çwh I L

~~~~ ~~S - a ’r  t lu ll  eqt i i damping t r  ~h a r .  cu 1’ - s p o r d i u i ~ [ P  i ntel ’ s , O S
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discussed previously) with an additional Drude term fails and does not

allows one to fit the reflection spectra.

A di el ectric function mode l expressed i n the form
2 2 2

— 
~“ + 1 -f ’  - -  + i (~ 

— 
~

E~~~~~~~~~~~~{ H  2 2 ~ - _ E.. } (1)
j,ph “jTO 

- 
~ + ‘

~ jT0’ 
.(
~ 

-

is proposed and found to fit the data satisfactor i l y. In the presen t
model , the 

~ jTo
S are the transverse phonon frequencies , the

tee frequencies of the uncoupled LU phonons , the plasmon frequency ,

its daniping and the damping at the zero “transverse frequency” .

Long i tudinal coupled modes are the zeroes of equation (1), and their

frequency and life time can be obtained from the function alm (1/e)

which is known when a good fit to the data is achieved . LO phonon-plasmon

cou p l ed mode pa rameters could be obta i ned i ndependentl y by fit wit h the
nou,~. almo st usual factorized form of the dielectric function .2 But it is

more advantageous to analyse decoupled excitations in the subsequent step

of the study.

On a ’ -um ing that t h e oscillator strengths ,~ t of the polar modes in Ti0 2
~re unaffect ed b’~ small departure from stoichiometry , the frequencies

cf  the ur toi ,piled LO phon ons may be evaluated on the basis of the new

An increase of ¶ hi ft s LU phonon modes towards low

freoo ’.’r ,y ucc’)r’i r~ t(

2 2
I_ i - Ifl~’ 

~~I ’

~cr  ~. ci ~~ n ’ ’ ,,- Htr dond. T I C  cc ,; j r  -
~ ,-,ith the piasur on mode incr . :IsO’S

i’~ c - r o y .  t h~ a i i ce [e~~ . - - ‘ - t° -f I ecto pi’ov ides a coupled mode

t f ’f- O iJOf lC , v,hic u is c-~ ~~~~ d i ft- i’~ nt ‘ro~
- t ‘it of the LU 1 requenc~’ j r -

- , - :1) 11 r - ‘

fl~ Pe a t i ’ ’  (i  ~ -4- U only t ~~‘ Id - x l  i t i u r i ) ,  the plasrion i t

inc ’r.a c’s b’, lOP cm 1 . htr , r -  : nip~ r o - - . are onl y li t tl e af -O ra l . Their

incr€ -r  -
~~~~ TI l l t~~ ‘ill fl9 ot phot on leve ls  accord ing to lawn det et ’iii i rie ~

~fl ~r -€ ~ StOiJil r~~t rj o  i i~,,~+ i ~d ,2 po5S l l l~ c o u r i t c - r ’ba li lees a de: e. IsL

due 1- , d p1 r0  ial t U tural arrangement as j  O t t  oque-r ic e of ar,nea I

Thi I sunder i n d e - l  l r l t l ’ uJi cl: d in I ‘ r dtjeed t Pert  ~p e n  hed sampl es
-

- ? l l  egos L it ’  ph l u  c~i.pi  - S in a ~,a el ty t - 1C I 1 r c r ~’ ses morir t pP i  co i l  
~

~ it I  x in0 ‘ ‘ - ‘~~~~- . ~~~~ 10 t r .  ~:O cni , ~,h ilu- 10 pO rt - ’ fee- ai r r ios renta r.
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p rac t ica l ly  unchanged in TiO 2~~
.

1. F. Gervais , 0. B i llard and B . Pir i ou , Rev. Hautes Temper. o-f ract.

12, 58 (1975). D. Billard , F. Gervais and B. Piriou , Ph ys .  status

sol idi (b) 75 , 117 (1976).

2. F. Gervais and B. Piriou , Phys. Rev . B 10, 1642 (1974).
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\l -\PNl”I’UREi 1,I’Ci ( )N S I l ’  1) 11: ( 1 1”  Hg (~d Ic AL I,(JYS
l - x x

\1, II. \Vertc’ r, R . I . ,\ p,p~r r w ~r t , and U. P

l e a n t - i s  lIttl er Nit tonal M rpnet - - i i

-intl Ph y s ics 1)epa i-r i
M,i-~-~.i c! t i ’~t - r t s  In s t i t r i r t  - f ’ !  cchnolopc’

(danibr ’ i I u , Nlassa c l r — u - l t s  2 1 : l

A I i- lU .-\ I

liifra red ma prnc’torcflcctiori meo s ’rcm c ’ rlt ‘ Ito ye l)Ccfl iriade on I Ig Cd ‘I e
l - x x

single cry sta l samples for ailoy compositions ii the l’an g e  0. 18 ~ x 0. -30 . and

at both I iqu Id lid iurn and liquid nitrogen t ompe i’a t u  res. A numbe r of samp i  c’s

W ( i ’ ’ orR- rlted v.itli reflecting I ces p erpet idicu l .  1~ o (lOt )) or ,1 I l l  cr v s t , r I  a xc ’ s.

f L~R(R ft’~ tu ap1’it’oxi uaic’ly 0.5~ to m o r e  ti tan 2 ( l ,~ have boon observed

using c u t  al - ti I~ polarized r a d i a t i o n  f rom 1 )  t i  2 . 5 iii , in applied uta gruli c fields

UI) ¶ 1  15 ‘1’ .

‘ [ l i i ’ obsi’c\ia l m ,Ira-l , ref I Ccli i pea ks hia vt- been identified as I a ‘ i O n S

h ’twerii I! I c i d a t i  levels i f  t h i  v i l e ’ : i c i  ,i: itl c, i i d i i c r  jot b in ds . The ~x - i ~ a i i i ’ e~

I t  ii ~‘oiiip a t o -  I I c 1 1 - 0 i’CI I~ dci  I I  i i -  t i s i f l~~ t i c- ( l i i  Sr - I d  - niodel y l och

tr oi r s - x I c r l v  the intca ’;ict i OIIS J I g  IL- c i t i i t ’~~ t j u l i • ‘ o l e - n e t ’ 0 1 1 ( 1  spli t -o tt etindo .

A It i - r - - . ; i i a  icr. f t to I i  - i Ii’ to ci ~I i - ut of data , o y id  d t I r e  I t~r Cd I
‘ 1 - N  X

1)011 (1 1 ) I i : t i i - !Ci ’S ci s ti I ‘ eiu ltui’atUi ’c, t r i b e  c c r I i ) l s r ’ r ilr , an d  c-rv~ l ,il

i i i  I I ion ‘~~
- it I y -  ,

~~~
, - . r t t i n  - , i ; ,

~ ‘ l it- i nd 0:1 r fieh ii .

‘S ir ~~p e i -  ii ,~ l t t + , - ut , I ’ o r i i L i l i o
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A h iGh l:Nl l~~ Y I , i  
~~‘‘°u T I ’ N A I I I , l - :  $Oh i J t ( ’ I -

H.!,. Bv t ’ r ’  I, II .1 . hIer! .r
A h p i ied Pirys ice 1) 1 1 1  rt ! ’ -0)

21 t i n t t r d  Un i verrt it v

and
If. Ito

Tohi okir t in  I vc’rs it v
S (’fldti I , .lapan

I . INTROI)IIc’r ION

We th ee i- i is’ p ro g r u es  on a n ew  broadi y t un a l i t  n ar r  ‘who rid

I i N h O ,~ pa r t t i r t ’ t  n c  oscillator system called a ‘‘parani t n c tuner ’’

t. h a t  is  has ‘d on a p rey  j ou si  v publ  i sh e d  op t  ical  se 1 1 ( 0 ’  1 
~~

offers a ci gn if I car t r n p r o v e r n en  t I n t u n  i r ig chai’tt - tori ci ic’s . ‘l’ h+  -

narr owl )ttnd , h i g h  e n e rgy  p a r a m e t r i c  o s c i l l a t o r  syst  em is flow

r ‘cogn iz’’d as a u s e f u l  tool  f o r  appi  I c  at ions in 1 aser ‘hen~ S t  ry

n o n l i n e a r  spec t roseopv and r e m o t e  m o n i t  o r in g .

11 . Nd :YAG SOURCE

The ( ‘ipe ra l  ion of a p a r a m e t r i c  o s c i l la t o r  r e q u i re s  a d i f f r a c t  i i i

I imi I i pump laser sou ni t ’ . We have prey jousi used a ‘1 PM mode

l a s e r/ t r I p ]  i f i e r  s y s t e m  w h i c h  p r o v i d e d  370 mJ of our put energy ai

up to 10 pps To more  ef f l u  l e n t ly  utilize t h e  N i l  :ThG rods we

h a v e  invc’E- ;t I ga l  ed a Nd : YAG u n s ta h i  0 r ’ o o r t t i  t on  osci  ii at i i ’  - 
2 Our

J ) r ’ T s i ’n I  ed d e s i g n  uses a 6 .3 mm diamet er oscillat or rod I llowed

by a 9 mm amp]  if l e n  rod and generates 780 mJ in a 10 fleer

0—s w itelied p u l s e  at 10 pps. The un st :tlile r e s o n a t o r  N d : Y A G

oscil I a t i ’  prov ides over  1 50 mJ output wh i eli is subst a n t  j i l l  y

d i f f r : o - t i o n  1 i m i i  ed a d  h a ’ - l eon d o u h i e d , t r i p le d  a n d  q u a i r u p l e d

*i i ~ KD I’ a n i l  AD O to g ‘nera i t ’  30 mJ , 12 rnJ and 10 mJ of 5320 ,

3547 t’ ri d . :I(’~~O ~III i i i  p u t .  !li ro ’ i m p o r t  t i n t ]  V . t h e h i  Nb 0
3 

p a r a m et r i c

it -a’jl I I u: ’ ej erala’s wit  ii an i r r p r o v e d  I hrecliol i i  an d  a r ) V t ’ l ’ : :i o f l

“ !  l’ i ei ’’n.’y w i t h  t h e  r I I l s t : I b ’I ( ’  ‘ ‘ ( t ( I i t l t O t ’  Pomp .
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III . LINbO
3 

PAI AMP’1 U IC T U N I - 1t

‘rho L I N b O 3 l o t  ‘t oo t n c  o m il  la l or opei’ates o ver  the

1 . 1 — 4 ~rn t u n i n g r an ge sh o w n  in F i g .  I as a sin g l y resonant

o s c ’ i l l a t t t r ’  ( SilO ) \v~~t h )  t i l t ’  1. 1 — 2 .1 31n s i g n a l  w a v e  r e s o r t )  i d

w i t h i n  a 13 cm long optical crt v it . y f o r m e d  by a g r a t i ng  a n d  50’~’

r o l l  oct t r i g  o u t  put  (‘ a i r i e r .  The gra l in g  pi’ovides I iru - v.- i d t h  (‘(intr o!

t o  less than 2 cni~~
1 even to dt’gt ’ni’racy In add i I ~on the gra I in g

pr’ ( i \ i d c s  o n  absolute f r e q u en c y  r e f e r e nc e  to w i t h i n  ‘1 cm ’ o v e r

t h e  tuning r an ge of the oscillator ,

The paramc l. ri c tuner is co n t r o ll ed by an in t e r a c t  i ce s o f t  wt i~

p rogram u s i n g  a PDPI1E1O ml n i c o m p u te r  a,cI ing t h n o~igh  a (‘- \MAC

con t rol 1 ur . The s o f t wa r e  aliov, i-; the init ial wavelengt h , sea n o ing

r a t e  and scan  range to be set and also allows Ion pr ’esure  and

etalon c o n t r ol .  F i g u r e  2 i l l u s t r a t e s  a c o h e r e n t  ant i— St .c l-t e r - : f l a r n a r i

i’a of 112 t a k e n  w i t h  t h e  L iN bO3 t u n e r  b y m i x i n g  t he l i t  1101 ) 11

O u t p u t b e l v , - ’ n  1 .912 and 1.8939 ~m t o  l ’ :em ’r at e  t h e  red ali t i — I ~toIo s

out p u t  . The spectra c’I ea r l y shows t he  0 ,2 5 cm~~ grat ing s i t  p5

O V ( ’ i ’  t l i t -  50 cm tuning range . This spectra woe t aken  ci  n g l ( ’  i n d ’  d

and t-o ’rv ’s 1( 1  ill us t r a t e  t h e  st a b il  i t ’ ’  of t h e  sor.ii’ee

Compar 1 On of the Q0 
(1) peak 1 recluen ’ y rd at i ye t o  I . OG 1 ~IIr

showed t h a t  I h e  g I ’ : t t  ing  was t o ]  ih r a t ed to wit hin ‘I crn~~
1 

. Furl hot’—

r; io re , I’ eec- t i n n e d  5 ;) ( (’  I r a  showed t ha t .  the gnat ing 1’ i s o  t I ahil ii y was

~~5 cm 1 
or on e ut t e r  s l i p.  Th e c ’ o n ver sj on  ef f i c ’  l e n t -v in this

CAll sp e ct r a  v a i ;  h ] g l i  I ‘r i o u g h  to w a r r a n t .  foe n .shee I a of compu t (‘I’

paper J ) I ’ J UI’  to t h e  p h o t o — m u ]  t i  p.1 i c r  to pr e v e n t  s a t u ra t i o n .
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To f u r t h e r  i n t l t i l ’ i \ ’ ( ’  t h e  l i r e - v .  i d I  i t i i i t  f’ n - q w ’n i - y  e n r t  r o t  e l

t h e  J l N h ( )
3 t u ne r  we h a ve  (h v e l o l l t i1 a. c’or~ I I: t ’ t  j i1a ~~o ; u r t -  t we ’d

fused s i l i c a  stabil ized opt ical  c a v it y .  T h e  s ch e m t t t  H of t he

cav ity is shown in Fig. 3. Thc’ c a v i t y  u:-~~’e a grating and air

spaced  tilted u t  a o n  f o r  1 inewidt Ii n a r r o w i n g .  As the preet tu rd

scans b o t h  e l e m e nt s  t u n e  s y n c h r o n o u s l y  at  a r ’ a t e  of approx i m a t e l y

i cm 1 per atm of ar gon . The cavil y mode I n ’ e q u en cv  , h i o w e~ -’ e r , do t ’s

not scan in synchronism w i t h  the  i ’t a l o n  and  g r a t i n g  due to t h e

p r e s e n ce  of t h e  L i N h O 3 c r y s t a l  w i t h i n  t h e  c’a\ ’ i t y .  T h e re f o r e , we

i n v e n t e d  a B r e w s ter  a n g l e  f u s e d  s i l  ica \I,.edgc~ s c a n n e d  by a S t e p p e r

motor ~ to compen sate for the cavity tuning r a t e  and  to a l l o w  s i n g l e

a x i a l  mode t u n i n g  ov er ’  t h e  few w av en u mb ( ’r  ra n g e ,

The present  L IN b O 3 r a r a m e t ri c  t u n e r  p r o v i d e s  a u n i q u e  n e a r ’

i n f r a red t u n a b l e  sou rce .  F r e q u e ncy  e x ten s i o n  i n t o  t h e  far I n f r a r e d

is poss ib le  by m ixing and into the visible by harmonic g e n e r a t i o n .

I m p r o v e m e n t s  in t h e  p a r a m e t r i c  tuner I inew i dth and frequency

cent m l  can he ext ended to a m u c h  w i d e r  s p e c t r a l  r a n g e  p r o v i d i n g

the }icle eibll ity ol’ a very widely t u n e d  coherent source .
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i’elltr’ iur c rho u- ; r-’ a ntr’~ ra- absorp t i o n  l in e at wavel  e r~~th: r e a r  11 
/ 

on -

r’adiot~~on polari:ed rarallel to the c—axir-r. The absorp tion co-fficient

ti r’ lir~ is proportional to the number of holes , therefore t i . - - l~ r.e

is c al~~ed p— lo rd. .ellurium is a strong ly piezoelectrical material ,

acou sto_ e ’~eotric amp l i f i c a ti on phonon domain s of extremely high

arOUP ° 1C f l u x  lenn ity can be g e n e r a t e d .  The d o m a i n s  w h i c h  can be exci-

‘ ed b y vol t a -i - eu 1 sen of a p p r o x i m a t e ly  1 
/

usec l e n g t h  t r ave l  w i t h  t he

velocity a t  sour l t h r o u g h  the  sample .  The e l e c t r i c a l  f i e l d  s t r e ng t h  ne —

c e t  -‘ t r y  f o r  ~Le amp l i f i c a t i o n  is of the  o rder  of 100 V/ cm.  The spectra l

P e r  r -r t ’ - r , c e  of ’ t l ,e  absorp t ion  c o e f f i c i e n t  of t he  p — b a n d  as changed by
o t e  r -h onor .  f l u x  is shown in Fi g. 1.  The sp e c t r or c o p y  wa s ca r r i ed  ou t

w i t h  the -  di f e r e n t  emiss ion  l ines of a tunable  CO2 in.  er ~-y n t e m .  The

resa7~tr :  show tba 1: in the  pre sence  of an acous toe lec tric domain the ab—

sorp t i on decreases  st rongly and even shows a minimum at the wavele ngth

w her e  th e  a b s o r p t i o n  max imu m is observed without acoustic flux. As seen

f r om  ~- i ~ - . 1 the absorp tion maximum of the unperturbed absorption line

is : : hi f te d  to l a rge r  wave leng ths  w i t h  increas ing  temp erature and obvi-

ously t h e  r - I t o r . o n  i n d u c e d  m i n i m u m  is s h i f t e d , too .  This  phonon  i n d u c e d

t r a r .~~r - ’t r ’ r c:. w i l l  be exp l a ined  by the  f o l l o w i n g  model . i he  a l - t o r e t i o r

i o n :  c o r rc . - l  or ,~~r; to t r o n e it i o ne  b e t w e e n  two va lence  bands  r e r a r a t e d  by

ab o u t  l ib  m oV , thus the absorp tion being proportional to the number of

holes in the firet valence band. It is  assumed that t h i s  number  of It o—

lent  in the  i r o t  valence b a n d  is markedl y r educed  b y a carrier heating

in t h u  .i e~h i”n si  ty flux of the domains. T he car r ie r  occ upa t ion of the

s e c o n - t  b u n t , however , is i n c rec i: ci by the  car r ie r  h e a t i n g  yi el d i n g a
s t i m u l a te )  emiss ion  at an :.’ f u r t h e r  c a r r i e r  r e d ir t t r i b u t i on .  Th e e~rt i—

rrt t i t i ’d  carrier temperature in the acousto—electric doma in in about 1+O0~ K

which is in agreement with the theoretical model of Bugaev et al.
’
~.

Thu~: he obeerved phonon induced transparency is assumed to be a hot

carrier effect in the field of the high density flux. The effect is ob—

tO
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:-erved with r u t i i t& ~ ion nt-ar 11 
/
um i rP e 1 -enirt. of the I n t e r -  t~,, of the

1- - n  rallo ’ i on.  The s w i tc H  nc t i m e  of t h i n  e f t e c t  is of t h e  o r der  of
la ec .

/

i) A .~~. Pugaev , Yu. v. Gulaev , ;t n d  . N .  t h k e r i i n , ~ ov .  1 i .ys . -Solid
: t r i t , - - ‘

~~~~ , 133 (19’/ l)

1: A l -n o r r i t o n  c o ef f i c i e nt  in T e l l u r i um  f o r  po lax’ :- a t i o r t  pa ra l le l
to tI.e c — a x i s  mea .t ured in t I c prepenoc of an acousto—electric

- l o r t a i n .
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E F F I C I E N T  N E A R  I N F R A R E D  STI~~ JL 1uTED RAMA N
SCATTERING IN GLASS F I B E R  WAVEGUIDES

by

Ch.inlon Lin , R. H. Stolen , L. C . Cohen ,
C. W . Tasker * and W. G. French*
Bell Telephone Laboratories

IIolmdel and Murray Hill* , New Jersey

SUMMARY

We report observation of efficient high order

stimulated Rarnan scattering in the near infrared in small core

glass fiber waveguides . Many nonlinear optical processes have

been observed in fiber waveguides in the visible region with

low powers. High conversion efficiency is possible because

high intensity , confined optical interactions can be maintained

over long lengths of fiber waveguides , Particularly interesting

is the near infrared region where intensive research , stimulated

by optical communication applications , has produced highly

transparent glass fiber waveguides. These low loss g lass fiber

waveguides are attractive media for Raman lasers and amplifiers

in the near infrared . In our present experiments with low loss

single mode and low mode silica fibers we have observed efficient

high order stimulated Raman ~scattering . Using a 1.06 p pulsed

Nd :YAG laser as the source and with a pump power of 250 W in a

175 rn silica fiber of 6 p core diameter , we obtained four orders

of Stokes at 1.11 p ,  1.17 ~~, 1.22 p , and 1.28 p respectively.

We also observed three orders of Stokes generated with similar



pur r -p powers in a 4 m , ~ i core diameter pure germania fiber . Gerr rrania

has  a R aman  c ross -sec t ion  an order  of magn i tude  l a r g e r  than

t h a t  of p u r e  s i l i ca , h u t  the usable  leng th is l imi ted  by the

large loss of the pres ent fiber . In another experiment with

a pure silica core fibe r pumped by a near infrared dye laser

~ 0.78 ~) of large spec tral width (~ b OA) a near infrared

broadband c o n t i n u u m  spanning m o r e  t h a n  1 0 0 0A  i n  t h e  .8  - .9 1.t

region was observed . In both the d i sc r e t e  pum p (Nd~~iAG l a s e r )

and the broadband pump (dye laser) experiments the time char-

acterist ics of various wavelength components showed clearly

the processes of efficient sequential Stokes generation.

Typically the pump and the lower order Stokes are two-peak pulses

with completely or partially dep leted center reg ions while

higher order stimulated Stokes pulses appear as narrower single

pulses. The overall dura tion of the broadband near infrared

continuum is r-.~l0 ns , sligh t ly less than that of the dye laser

pump. This continuum should be useful for nanosecond excited

state spectroscopy . The discrete , multi-wavelength emissions

(1.06 ~ 
— 1.28 p ), are in a region of particular interest for

fiber waveguide studies because this is the region of lowest

loss and minimum ma ter ial dispersion. Recently g lass fiber

waveguides with loss < 1 dB/km between 0.95 ~i 1.37 p and

< 20 dB/kmn between 0.5 - 1.9 ~i a r e  r epor ted .’ Such glass fibers

offer the possibili ty of efficient Raman ldsers and amp lifiers

for the 1—2 u reg ion.
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b-’~F R ,- \ R E I )  G E N l ; R ~\ lI o N IIY NLNLINEA R 4— PlIO l ON \ l I x l N ( ;
IN (;ERM,\NluM ~

N. I t - e’ , P. L. Aggarwal1 , and U. Laxt

Francis  f l i t t e r  N a t i o n a l  M a g n e t  La be r a t ory  ~
Mas sachus et t s  Ins t i t u te  of Technology

C a m b r i d ge , Massachusetts 02139

A I lS~1 P A 0.: ! -

\~ e a rc  developing a h ig h power step — t u n a b l e  radiation source in the

8 to Ii urn region Dv 4-photon mixing of two or three CO
2 

laser beams in

germanium. G e r m a n i u m  is chosen because of i ts  r e l a t i v e l y  large t h ird -order

n o n l i n e a r  s u s c e - p t i h i l t i v , ’ ~ a v a i l a b i l i t y  of hig h -p u r i ~~ s in g le c ry s t a l s  in a rge

sizes~ and hi gh t ransparency  in t he  above spectral reg ion . 6 ‘I h e  e f f i c i e n c y  of

output is ot i n t i g l  v dependent on the  h ig h order mu l t i p honon losses in the c ry s t a l .

\\ c have achieved ,
7 
for the first time , phase—matched  4 -photon  ni ixi ng

in g e r m a n i u m  u s in g  the  n on c o l l i n e ar  nì ix ing  geometry . W i t h  1 MW ‘cm 2 
peak

inpu t  i n t e n s i t y  from each of Iwo CO
2 

TEA lasers  opera t ing  at ‘i. I C C4~~. 02 cm 1

(P22) and -j
2 ~45. ~~ cni (P1 8) 1 mj  of energ~- per pulse was  obtained at

tt • 7 urn ~~~~ 
~ 

2’~ t ~ 2~ 
using an ~~ . 1 cm long crvsta I of germanium. I~ssum iitg

t hat the outpu t c i t e  rgv is  contained in a IOU n sec ( l \ \  I R I )  put se , t h e corrt - sp ending

peak power g e n e - t a t  u -P at 8. 7 tim was 10 k W , which was in Pea sonabl e a greeme-nt

~e i t  i i  our theoret ica l  a h e u l t i t i o n  of 22 kW.

~Supportcd in part Dv \1;i so ac titi si lts Inst lute of ~I’c’chiiol ogv I-nods all(l in pa i-t
by th e Advanued Research Projects Agency through the 0)111cc of N a v a l  Research

~ Al so Depa itme ti t of h i iy t -  , Ma ssachii 0 ( 1  t o  In s t  it  i t t e  of Technology
$Supported by the National Science Foundation



Since the damage thre shold of germanium is approx i mate ly  100 MW/ cm 2
,

one can conservat ive ly  increase the i npu t intensit y to 10 M W/ c m
2 
for each of the

tw o input beams. Using  beams of 1 cm 2 in cross sect ion and 10 MW/cm 2 in input

inte n sit y and a 20 cot long AR coated germ an ium cry stal , the  projected output

c u e - r e ’ at ~~~. 7 urn is well over 100 mJ per pu l se , or the projected output power

is above MW leve l .  It is qui te  obvious tha t  the output power can be fur ther  l i n e a r l y

scaled up with input beam s of the  same intensity but larger cross section .

S imi l a r  4 -photon m i x i n g  experiments  were also attempted for the gc i ic r a t ion

of radiat ion at u 3 
= 2

~~2 
- ‘

~~ 

in the 12 gm region. However , there I ’  a large’

discrepancy between observe a  and calculated values t ak ing  in to  account  absorption

l osses as obtained in  the l i t e r a t u r e .  We a r e  current ly  looking in to  this discrepancy.

We have dem onstrated the tunability of the FIR radiation
8 
by d if f e r e n c e -

f r equency m i x i n g  of two  CO
2 la sers i n GaAs wi t h frequen cy spacing a s sm a ll as

0. 01 cm when both the CO
2 
lasers are s i m u l t a n e o u s l y  step tuned  by a l i n e  at a

t i m e . S in m i l a r  t u n a b i l i t y  can be obtained with our 4— p h o t o n  ni i x i n g  in germanium

I)\ choosin g different lines for t h e two input 
~

O2 laser s. Orders of magn i tude

more  c o r t i b i i i . i t  ions u f  f r eq ue n c i e s  can }x~ obtained by u s i n g  t h r e e different (‘U)

l a s e r s . 11~us , t h i s  -
~ — l~lu )ton mixing t i n y  Prove to be a ver\- \ e r s a t  ile and practical

n i l i i i i quc for t h e  g e n e r a t i on  ol s t e p — t u n a b l e  eo lu r e’i i t  r a d i a t i o n  it t t h e  ~ t o 1 1  urn

region becaus e  of its room ft’iii l n-rnul re operation , sca labi h ity to la rger  ci’~’sta1

, i i i d h a ’ I i u - i  p(~~~~’ (len s i t i c s  a n d  h ig h power h a n d l i n g  c a p a l ) i l i t \ -  due to relatively low’

tosses,



EA4— 3

REFERENCES

1. C. K.N. Patel , P. E. Slushei , and LA. J - l c - u r v ,  Pl ys. Re-’.- . l ct ’ero

17 , 1011 (1966) .

2. J. j. Wvniic and C. I). lloyd, App! . Iiiv -~. ct tc’rs 12 , 191 (19~~).

3. S. S. ~ha and N. Illoembergen , IEEE J. ~ u a i i r  . El ectronics (,~~—4 ,

670 (1~1b~~.

4. J . j .  W y n n e , Phys. R e v . 178 , 129~ ( I  n0.~~).

F . R . N. I hal l , in Proceedings of the Twelft h In t e r n ~1 t 1 - 1 1 , 1 1  C a t fe  i , n C e

on t h e  Ptiys ics of Scm iconcluctors , Stuttgart. 1974 (U. G. 1 ‘eu bner,

Stuttgart , 1974), p. 363 .

6. E. L) . Capron and 0. L. Ikill , App l . Optics 12 , 569 (1973).

7. N. Lee , R. L. A gga rwal , and B. Lax (subm itted to AppI . Ph\-s. (tt (’ rs).

- B. Lax , P . L. A gga rwa! , and G. F a v i o t  , AppI . Phys . Letters 23, (~~9

(1 973).



N u l l -



NOTES 

-



F B i— i

S~s ond and I-’ourth Order Nonll n vu r P r o c & ’ s s e s  in  Cha l ( ’ ( ~~) v r  it o-s , H. K i l d a l l  , C. W . I se le r ,
N.  ~‘uk , and .J. C. ~I ikke1 sen , Lin e dn Labora to ry , M .  I .  T . , L e x i n g t o n , MA 02137

The I~IIl~Vl ,) arid LI-IV-V ,, chalcopyrites have received considerable attention

because of their semiconducting and nonlinear optical properties . The compounds o

most interest b r  nonlinear applications in the infrared are AgGa S) , AgGaSe ,

and ZnCeP ,, whic h are t ransparent  and phasematchable over part or al l  of the 1 to l~~u m i u

region. Some of the optica l properties of these four com pounds are listed in Table I.

For cOIiipa i -t~ on Pur l~~sc~ ‘laE)le I also lists these properties for To, ~~~~~ and Ag 3AsS ,3 .

Use 01 the ‘h,u Icul)yrit(’s has been quite limited because it is diff icult  to grow

~cac k - ir ce  single crystals  of suffic ient size and optical quality, and crystals of these

m a ter ia ls are not commerc ~~ 1ly available, Recent ly, however , improved techniques for

th e g-rowth ot AgCaS , c rys t ;u l ’- have been described in the literature. In this paper we

r Cp4 rt ~)rog .i -ess  made in our la boratory on the growth and app li c;itions 01 Ag ( , Se , an (h

Cd(;eA

The’ linear thermal expansion of the chalcopyrites is highl y anisotropic . Therefore

-lvcry staiiuu ’ Ix ules, and even singleS crysta ls that a re  not properly oriented , hav - a

sti oli tefl(i(’li( v to crack during cooling from the growth tempera ture. By using :i 5d~Cul d ’d

vertical h i r i dg t i t a n  technique w e have succeeded in obtaining crack-free single crystals ci’

Ag( aSc , up h So cm
3 

in volume. Crysta is grown from nominally s toich)iomctr ic  melts

exhibit rnarkcnl optical attenuation in the 0.7 to lO~.tm range due to scattering by second-

phi so precipitates that form (luring furnace cooIin~ to room temperature. Most of these

precipitates can he eliminated by annea ling samples in evacuated , e;iled a u’t pou les b r  a

hour s at temperatures above 600°C, then (jUcflchlflg in air . lv using this technique

we have reduced! t o -’ scattering at S irn sUli Ic ieti t Iv to obtain an increase of 30 percen t in

pow-er conversion el I icicnc~ or frequency doubling (‘0,, laser radiation in an S x S x 2 mm

c rystal .  I !oweVor , quenching u - a iim 1 be used for i i  i g e  AgGaSc~, 1, i  15, w l t h l i  c ra ck w - homi
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they - 0  coo led t I l l  r ap id l ~ . - \ -  a n i l t e m o i t i v i - , V. C l i v e  ebb - inc h as—grov m i cry- - t i - with

u~ i u c e I  u t t e r i n g  n v gI’o\-, Ill fmoni  N e — r i c h  ~\gL m S e ,~ 
~, 

no- IN ; the hc’st optica l ~u- - ‘~~~
-
~

- t a m  -

bed’ I) IL -hieved or iii i tL i  I ‘~ 
- lue~ < i f  ~ l)Ct\\’eefl t). ft~ and 0. 04.

\l o--t of m i  fl~ n l i r ~ i t  e N l ) ( - r i m d ’ f l t ~ h a v e  been p erformed \\i tth ((It c A - , ‘,rt 1i cl~

has a i - u i - c  of m m - r i b  a f  ci t l i )  t imes that of :\~ ( uSe . The c rys t a ls v o t e  ro’- ’ n v: the no-

--e ’dd’ul Vt ’ r t i e i 1 Bri dl gnia n I to- l a o - qu o , since our attempt s at seeded grov- th  of (‘d( e -\  s - ,  
b m  ye

l)Cefl unsuccessful . The lam est cr a c k — f r e e  c r v s t u l s  obt a iner! so far  have a n l u n m o s  of a

tew  cubi c  centimeterS.  Most of them are p—type , wi th  hole c m m c e n t r , i t w n : that  r - m n a e  from

— 15 16 — 3 - -

‘u X 10 to 2 x 10 cm it  room temperature and dec rease by 2 to -~~ orders of n . , m n i t m L

a ‘din g tm 77 K . Been use of this cai-ricr I reese — out , cool ing to 77 K sig ’cil ira  mit reduce~

r~a-’ — r ~k’a I ab sorption . If - >t - -u t t e r i f lg  is not important for tfte’\s,).) The a h~ n r p t i o n  o- b ’ie r v e u l

- t  
~T ~~~, ‘-e -hL > i— c not decre i~ e’d by cooling to still lower t e r n p e r m t  ar - ’- - , m a y  !~~ ‘ due to t r u n —

~irio im- f rom I b i d  va le r i e-c band to acceptor levels located about 0. 3eV above t b -  v knce band.

in tak’’ nuiva m t , u  - ‘c  of the de ,-rea se in absorption on cool ui ~~- , i l l  our n onl i  rica opt ic - i l

mits ‘s’, jtli ( ‘dCc ,\ s ,u me performed mt 77 K. Cooling il so increases the therma l

U~~iiV it,, . ~~
-. a 1 ( , U e u i c ’~ of t11c (1,’, o e l E c t s  the c’,’~ damage thre -diold for  our best

ci :sta N l i e !  i s  a - i - o m i t  a s  uut 1 W at room t e m p e r at u r e  to over 2 0W i t  77 K b r  i r m -~m d i m  -

t i on ‘‘ it hi a 0, Ia 5cr beam ~ic i i - u ’ t I to i 1 (t O i m spot ise . Cooling has I iii Ic e m (s~ I Ofl phi -

matLllil m d , umI ~ Ic - - , - - l i t r e  the reduction it e m  u:-~e-~ in bire I r - i i ii ’ encc is c o n i p t ’ n s . m t e  by a decrt us e

in < l i s i l u  - r a lon . ‘I l i u m - ’ the li lt - - e i l , i t  u h i  trig ma Ic lor ~~ (‘ - ondi t i - u  rmonic aCn e ~i t ion (SHI ) \~ ith

amli at on c t i i i lg( ’- - In  less thai) 1 tleg between -ouni tenmpt ’m uI mo- and 77 K.

or S I It w t im pul sed ( ( b , L u scm radi i tion, the highe’-t externa l one mm V e 1~Ve rs ion

(lI lt Lemicy th it we have . - hlie V Cdh is 1-4 perct m mi , wlik-ii was obta ined ~~i th i t t  .\l~ —u ,’ i t c h

( ‘ c b (  eA cr. - t i  I i~’ :- ’ long. ‘I t o -  h~ iiic ’ - ( ~‘xtc ’rn. 1 c > 10 Ct s i u O t  u ’l fj c i cn c v  we have oku tried
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w ith \~~ t iNc is 7 ~~ ‘i ccitt (com i-em --i ponding to an internal efficiency ol 14 pe r c e n t ) ,  w hm ic t i

was  measu red  usi l ig a i m  Uncoate (i e rv’-it a 1 16 mm ioflg . The SI l( C011\ (‘T~~1oit d ’ IC [(‘0eV in

~~~~ 
us e ,, i i i ,  a ‘ . u ‘d’ s linen rlv w ithi input intensity ~p to the damage thre shold , -: bile Ior

( ‘dGe \ s , the i l l  i c i d ’ I i c \  sat  u r u l e s  beluu ’,, the damage threshold.

‘l’hic ti gh t est outputs ~u u - SI IG -s itb CO , in ser i- i diii ion have been ac - f m  ic red by us umg

d i 0  \ -‘ . Puniping with a l’1-~ A laser has g iven a io - ,  xin i urn output cnerg -, of ~(X) mI  per

nul ~e , m i le  u~ — -~w itt’hed and cho pped cv- Ii SC rs ha V(’ gi V ( ’ I l  maXi ii )  Ufli va h i t ’ — ( i i  1. 1 \ and

75 nW , r e— -p e u t i v e l y , or the ave rag e  output ~~~ ci

We have observed SHG with (0,, laser i-idwti on in m ixed c r r s t a  1- ’ of several

e 0 m t i l ~ ) - - i t i ( ’ ! u s  in the ( ‘d( ;e( A 
~ ~~~~~~~~~~~ 

and Ag~ .a(5e
1 

5 ) , -- y 5 t e u i i s . In thic ,~e materials

the Iii re t  ringcnt-c and therefore the pha se n t — itch ing  - in g  be a ‘c tunction -. Ci 1 I loy coflipo sitiOn.

In the case 01 ( :d( c’(A’-.~ —~
P~ ye have foun d t h u  the I vpe II phiriseni;itchmg angle increa--.e -

- morn 49 to ( 7  deg as x Is di i i ima’d  f rom 0) to 0. 1. Front th is result wc’ e—t i ma te  that 90—deg

~ ( ‘i i1 ,ite I I U ) l  WOU 1(I be i I I ) t ,  I ifl(o ! i’Or x 0. :1.

In a (hdl i t ion to SI 1( , we l i i  V I ’ 3 ls< i  obta ined pha se i i i ,u t c h c d  our t ti ha rmonic  genera-

t ion in ( ii e- \ s~, puni ped w ith ( ‘ I ) .,  Li - -er  radiation . Observa t ion oI t hi  -
~ pm ~~~~ ‘ss Im i - - - <‘ mm I

ii - to nm — i ke the ~iu - -- t measureniclit of Iii - ,u! tl u order — mm ~- u ’  tinili t - 1 t(’m l -- lH ’ Hi L ’ - R e . ’u s .

l , ’ m t l m  ( d l  n A .  and AgG H < i n  be i - e d  Id) ~! d 1 ( r  0 ’ ’  e ’ Il ele itt ~~~~~~~~~~~~~ I c  mo -n u n r al

d u i e r e t i e , ’ r ( ’ ( l u e I l e ( ’ m i xin g , as ~‘, > ‘ I i  as by N I IC , I ly  m y > o m i ’ - -  f t  i O u l  ( ‘ I )  I, ’— ,c’j-

it ~hould be 1 ’ u - — ibk ’ I cOt t in  u u i b p l m m  \ \ - aVP t ( ’u m ‘ 1-  - ) ‘ , (  1 1 0 — I  lii H& ‘ ( ‘ k i L n  b r i m  ‘~~~~ I C >  IN ..i5 .

lii eX l u e r i l i ) ( ’ l l t - — w i t h i  cw kisers V. 1’ hav ( ’  tletcrmi iine d tb i i ~ pita —c ~~. u t ¼ ’ i 1 i m mg ~ l i ’  ( ‘ S 0 d ( -i - i’fl -( - —

r eqt u ’ne -v m e I - - r l t i ’ ml l ’t\\ - ’c’mt 12 ( n I t h 7 .. m m m .  ~~-cr t hi i— i I l & I l i l -  t\ b’ ( - I pft ( ‘ i i t t ~ t i m e  nc

b r  ( i( ; ( ‘\ ‘  ~ I m , i j i i o ’ - - u’ ’  c u t  I S (be: . I ,,
~~

- 
~\ i ’(  ;,1 L>1~ 

, Iii ’ ft I -- l i i  li m o ’ ‘‘0 1 , 1 , , ! !  I , ~~~~ ‘—.0 tb t

t~> ii &_ I - ~~‘—;I , ‘ ~v n m i I u i  I i i i  ( I ’ ’ , -‘ I  i’ ’’ t ‘ , ( ‘ ( ‘\  ( ‘ I ’  t h e  ‘~ h i .  I - I I —  17 , .  mm> 15 0, ’ - ,
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sf t’l)Y (~ 1 I lEN I- i l  MS ~~S1NG L E A K Y  SURFACE I - ; M (SI-;N1) A :’ll)

INTJ R1 ’ I -: l - l- :NEI -; EM (ll- ;N lt \ ‘A \ES L-.~ THE INI:RARIw

P. (1iu’ n , A. lljortsber g and 1- .. P ,u r st e i n

[le T - s r I ! :  en t  o f Ph y s i c s  and the L a b o r a t o r y  fo r  Pc sea rch on the Structure of

~‘c ’ ~ 1 t e r , t T n i - ~ c ’rsitv of P e n n s y l v a n i a . Ph i l a d e l phia , Pa. 1 ri 1 74

W c’ h a ’,-e c a r r i e r ]  out t h e o r e t i c a l  and e x p e r i m e nt a l  s t u d i e s  of thin f i l m s

on rm me t ;, 1 surfaces , u s i n g  e x c i t a t i o n  and reradiation of leak y Hl-.M wru~ es ~ nd

~nt cm’u-ri’ n ce FM  “nv, -i .

I he  con f i g~~ r a t i o n  used is an Otto p r i s m - a i r - m e t a l  s t r u c t u r e , in which

the i n ’. c’sti gat ’-d thin film is deposited on the metal surface. \ olunie infra—

i-ed radiation of finite beam width i nc iden t  f r o m  the p r i s m  side is used  to

- x c i t ’- l e ak y SLN4 w a v e s  and i n t e r f e r e n c e  EM wa-ses. 1h e  beam width is chos -mi

tc 3 ”  of ike san-u’ or-h r of r n a g n i t m i d & ’ as the p r o p a g a t i o n  l u- M u 1 -  of the leak y

m r ode ’s b r i a  1 . F. ~c i t a t i u n  o c c u r s  wh o m the wa eyed or pa r a l l e l  to the  i n t e r —

1 >  cc ~ r-d fl - c fr u - q iur’ro V c f  t h e i n c i d e n t  b eami m atch those of t h e  l e a ky  mode.

1 ’ — u r . , rl t ’ m - C t ~~5 t i O f l  t m  he obt ai ned eith er j~ - s c a n n I n g  the  i n c i d e n t  a n g lo a m

a f i ’~ - I ~rt ’r~uiu ’nc~~. -r Lu’,’ ~cannins th e t r - q i -r me y rut mu fixed ang le .

~ - m ~~.q Em - a l --v  w a ’ . u - s  a ’ -  Lu cid  Ic bu i ld  up a l o n g  a n

I- ’ > . I I 5  ,- m iul ~ I i~~ i t <’ as  de r i ’ o - d  t r u  e — r U f l ? I H I L m  \t , 3 \ ( ’ ~ b e y o n d  1 . A l

r i - s  a l m - c  t - , i i  0 s : c it  ia I rh - p t ’  c c c -  a i of I ‘ m c ’  - refl c-c t u- d j nten s i t  v al d i g  thu ii —

te r i i’ ,,c , Xl’, m l , 1 t ~~ a d r o i t j j ,  h ) c ;d : - . t r I e t m u r t ’  ,ut t h u  l c ’ a c l i n g  c d g . ’ ci  t hu excitation

P i - s t -  ‘ r e T ,  s i i p p i > r t m - d  by l i t ’ IT . N. ()fIicc’ of Nnva l 1~’ u- s’ ’~ m c i  m m d  t h e  \ ,I~~h O m I - u 1

S u i t - r u t  - 1- t t m r u r I a f  u’
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r e g i o n .’ This  is caused b y destr n - t m - v i- i n t e r f e r e n ce  b u t w e t - m i  t I e  i m : r m u m

r e! l t ’ c t<cm n Iron: the p r i s m — a i r  i n t e r f a c e  a n d  t h e  r e r u d i a t i o m  f r ’ ,~~- tk ,  u k y

w- y e  g e n e r a t e d .  I lie radiation from the free— running r e g i o n ’ sh u c , i a m .

e x p o n e n t i a l  d e c ay ,  and  is - m m - i t t  ed a t  an angle dc-fined by I I c  ~b -- ;o’ r j i m :  r —

l a t i o n  of t h e  lca~~y r m u o r ] e .

1’. xp e  rim ’ . u-nta llv , ti m e Cxcii - I t  ion is ohs e rv c ’d  by monm or j r ,,~ li e

- ,  reflected ’ - 1 e n s it v  e i t h e r  f r o r .  - ‘T i c  c -
~~~ l i o r, rri,th - i i  or ft-on tT — ~ ’- u- -

m ’ m m m m r i i m m i m  r eg ion. ‘ ‘  Wh en  the incm ’l ,’r,t a mm -~~Ie or the fre - q rm c-u -icy i ’~ ~~( ~ a ~
- .

r e s o n a m -e . t he  r e f l e c t i o n  f r o m  t h e  excitation region ’ s}io’.~- s a e~ m , m  ‘ - tm-

on f r a n -  th e  ‘‘free—running r e u l m i o n  exhib i t s  a pc’~ k. 1 l i e  i r m t c ’  r- ~~~ . -

1
~~~-a these t ” , ’ m’n-.m-ions m i r e  compl - n m - c ’ n l a r y  - n f o r r n a t i o n  about thm - ’ ‘~ t’ - ‘ :~~ n ,

an f b e th ,  car . he u s r - r i  as  - - - p c r i r m : c n t a l  EM pr o b e s .  For  s tud ies  of emod -

- nd surface properties , it n ay ,  h o w e ver , be a d - 5 - , , m u t , , ~~r’o us 1 , :

‘is - th u rad ma t . an from the free-running waves , s ince  this direct l y r e f l e c t s

t h e  p r o p e r t m t - s  of the l e ak y mode.

5 m - ( m -  f i l e s of v a r i o u s  th i c k  ne s s  depos i t ed  on 0 1m- c meta l (A g ) - a i r  i n t e : - t a c e

h a - 5’e been i n v c s t m m -.~~t ed  in u h .  infrared using bot h m et h o d s .  A 100 ~ t h ick SiO

f ilm is found to modify the re radiated intensity strong ly in the im if y r  i -r i , a rid to

co mm i p letely quench it in t h e  10 ~ a h s o r pb i o n  hand  of FEO . The e x p c - r i m e n u ~~1 re-

su l t s  h a v e  ]c ’eru u s e d  to m a k e  a c o mp ar i s o n  of th e f i n i t e  beam an d  the  p l ant’ wa’-~’

ex c i t a t i o n  of leaky wa -  es.  A d v a n t a g e s  and  l j mm m - t , u i  i otis of thu-se techniques ~vi I1

he d i sc u s  ser f  a m i d  u - n f l  pa red to t T i c’ Ccun’i < n t  icunal c’ xl  r na l  r e f l e c t  ion ca s’ .

r, -i ~’ Tm hfo r -,’-a r h  theor&’to al u ’’-:ten sion to t i u - Km’ etschm ~~~min p r i s u m - :— i i m e t a l - a i r  i - t i m

f m e ’ u r  ~f m ’ ’ r m  w i l l  be p r ’ ’ s e m i b  ci.
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o i l  l u ’ ,\ I .  C O N S F A N I’ s 01” IllI -
LA YEI~ 1 N SiLiCON ~lOS N F1?t ( II

1-I . I ’ . Ch i en  and ‘~ . nadasiv
Department of I-?lectrical Engineering

University of Rhode Island
l’ ings ton , Rhode Is land (E?SC’-41

1 I i l m ~ LI

“t o du l a t i o n  In the o p t  l eal . s p e c t r a l reg ion a c h iev e d  wi tl~ l a s e r

t ’ o mutii s gu i  < I t ’d  a long  thin f i  m i s  or ’  ep i t a x i a l  s t r u c  t u r e s  has led t i-

t h e  r r t ] ’i i ‘toe - t op uu i u’ i u t of’ I n t u ’g i ’at e d  o p t i c s .  i t  I s  m t  u ’i ’e s t i f l g  t o

‘ii s I d’’i’ t l i t ’  l o s  s ib  i I i ty  of achievi rug such efforts i.n the i ni ;- ,. red

tIm i l l ’ ’ > titu’ ; - ‘ ‘  ;i i’ ’ m o re  i’ \ p c r in m t ’n  ta 1 prob lems  in the  ir one ad’ i i —

age  1 ~ t h a t  s i l l  con  -art be used as the op t i c a l  m a t e r i a l .

I0 . (’ , ;,  for  ‘x an i p l  e , pure si l i c o n  is t r anspa ren t and the  op t  t e a l

co 1i~~~t m l t s  can 1 -  r n o du i a tc d  by  c l u a r m g i n g  t h e  f re e  ca r - i  ‘r c o u u i ’e i i t r a—

I I - ‘ m u

1 m m  this Ia ’’’ - ;’  u, ’ eo n s  J r  the ’ n m c m t u l a u t m o n  of’ O t t ’  o p t i c a l  c : ’ ’ m l

-u t - i d  t s v t m  - u  ~~~~‘ I i u ’d ~ o l i t  g~ in  t l i e  s imp 1 ~ s il i co n  p lar i ;u  i -  M m  a

s t r u c i m ~.’ -~~ ,u,m i i t 1 m g .  1 .  1 t y a p p . L v i m i j ’ .  an ; u p l - ; o 1 - 1 . a t e  v o l t a g c -  to

th e  g - - t o  i t  - i ’  u - u n - i d r t i - ia I;u .a’: t c m i i i i m i  i I m ~ s i l i c o n  at  - -

— ‘ r ,  r :  a t e - . S c ’  I . m m ~

- m i  - - I  ‘ - i  t t ~~ . i ~ ii , ,  I ~~
-

5 ’~~ I ’ . 1 : —  i i~~ a f~u i -  l i o n  , : t ’ dc’ ’ ~~~

I 
L 7 ’  r ,

1 ~ ~‘ Ga te
‘
~~
‘ -n  - SLO2

- - i ‘ ‘ ( SC  I 
— ‘.1

- ‘ . ,  - - , , .  ~ I I ,  . t i f —

I ‘ ‘ h i p  I ,m~’ — - ~__L___ _
--4-

- 
, ‘ C  - I ‘ V t !  i l l S

- I I ’ ’ -  I - .1

I I ‘ ~rm ; ’ m u
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We assume non—degenerate statistics and neglect t he  r n h u o i - i  t y

carriers in t h e silicon , flue potential d i s t r i b u t i o n  V ( x )  in the

si licon is then obtained by solving simultaneousl y Poisson ’s

a’qua t j u l 1 1  and Flo I t ,i m ia r u n  s eq <za t ion

~ = 

~~~~~~~ 

{ex p  [ 
~ 

- I ]  ( 1)
dx s o B

~ h i -re t is the r e l a t i ve  I o ’r i n it t i v  i t y of  s i l i con , is the li i i—

pu r l  t v  c on c e r t  I r ’a tiolu in t i n ’  sub s t r a  t u ’  , the  ~ si gns r e f e r  to ii—

and p — N i  r e s p e c t iv e l y ,  and the  ph y s i c a l  synibols  havi’ their ‘‘-uual

m e a n i n g .  [‘ii is is solved numerically with the b o w i i ; i : - , C O I n I L  t i ‘11 8

= and ~~a) = 0. ~e t hus  o b t a i n  N , the  h oic ’  - ‘ I ’  ‘ - i c c —
- 

x = o

t r on , - on e o m m tr a t i o r i  in t h e  s i l ico n , fo r  any s pe c i f i e d  va 1 l i t ’  L , U t

the electric field at the silicimn surface.

l’he optical constants ii and k a x e  then c a l c u l a t e d  Cr ’ t h e

e x p r s s I on s

2

2nk = 
Ii 

~~~~~~~ 
( 2 )

S

2 2

n 2 -k 2 
= 

~~~ 
— 

2 2  
(~ )

l + i  1’

where a is the angular frequency of the ir radiation , and -u and

~r are tim e plasma frequency and relaxation time for the free car—

r i ’ - r s .  t h e  p l a s m a  frequency is given by

2 
= 

N e 2

m b C
S O
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In t h e  calculations t i m e  v a l u e s  o f  the  o p t i  ca l  e f f e c t i v e  mass

was taken to  be 0 . 2 6  m fur electrons , and 0. 3~ m f o r  holes .

¶ w a s  c a l c u l a te d  f rom the experimental values of the DC coriducti-

2 *
v i t v  a of silicon , from the expression ci = ( N e  T/ m ) .

PESt LI’S

Fhi e v a l u e s  of’ n and k as f u n c t i o n s  of x were  c al c . ; I at e d  for

values ,mf \~ ranging from l0~~ cm 3 tm 1019 cm 3, and for values

of the electric field at the silicon surface of up to 10
1 V/cm .

Typical results are shown in Figures 2 and 3. The depth from the

su r face is p l o t ted in un i t s  of th e modif ied Deb ye length L
D ~~

the figures.

A detailed analysis of all the results w ill be presented,

and the degree of modulation of ir radiation which can be achie~ ed

by applied voltage s will be discussed.
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SEMICONDUC TOR -BASEE) I N F R A R E D  INT F GRAT ED ovrlcs*

1. Meingailis

Lincoln Laboratory , Massachusetts Institute of Technology
Lexington , Massachusetts 02173

SUMMARY

Integrated optical circuits (LOCs) wi l l  provide a major new capabi l i ty  in certa m

fu tu re technolog y areas . Together with optical fibers lOCs at infr a red wavelength s

in the 0. 85 - 1. 3 u r n  range will find app licat ions in high speed communicat i on s  and

data transfer. Special waveguide devices and JOLs wil l  enhance the c a p a b i l i t i e s  ‘,f

laser rad~ r and atmospheric laser communication at various wavelcngtti~ from W

to 12 ~m. Devices pri maril y at the shorter infrared wavelengths wi l l  a1s r f f ~ r new

possibilities in both di gita l and ana log data processing.

For fiber optics communications a simp le integrated r ece iver - t ransmi t te r  ‘ rm i n a l

including a waveguide detector , a directional coupler swi tch , and a F~ser -m d i l a t o r  co’n-

bination could be a useful standard circuit . For laser radar an integrated l icter odvnc rt

ceiver containing a wavelength -tunable diode-laser local osc i l l a to r  would be of inrer e~ r .

For signal processing, acoustooptic Fourier transform devices and hi gh ~pecd ana l og-to-

digita l converters could provide very significant extension s to present capabil i t i es .

Semiconductor compounds have unique advantages for implementing various b C

schemes in the form of compact monolithic structures. The basic prope r ties nf these

compounds in some cases permit the construction of a l l  of the components required

(waveguides , sources , detectors , modulators and directional coup lers) and the techniques

for selective epitaxial growth of monolithic structures are either well develope d ~r could

be developed with addit ional  effort.

Table I summarizes the prope rties of four semiconductor systems that  are of par t icul ar

interest for different infrared wavelength ranges. The ( ;aAs-Al ( ;~iAs sy stem is the most

* This work was sponsored by the R~partment of the A i r  Fnre~
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deve l oped and most used for waveguide devices at short wavelengths. (It should be pointed

out that this materials syste m is useful for waveguide devices at longer wavelengths as

well , provided there is no need for a monolithically integrated diod e laser source. ) A

good lattice match of AIGaAs to GaAs permits the growth of epitaxial layers with low dis-

location densities that are necessary for long-lifetime diode lasers and for microplasma-

free avalanche diodes. A direct energy gap permits high l~ eff ic ien t  r :~diat ive carrier

recombination in l igh t cmitt i ng diode s and diode laser . lie elu t rooptic effect can be

used effectively in modulators and directional-coupler waveguide switches.

While the 0. 85 - 0. 95 wavelength range is satisfactory for man y fiber-optics systems

the optical wavelength for both minimum attenuation and mmimum dispersion in silica

fibers is near 1.3 im. Thus for long distance ( 1 0 k m )  communications at wide band-

widths (> 100 MHz) the InP-GaInAsP system is of major importance. The use of the

quaternary alloy Ga lnAsP makes it possible to achieve a nearly perfect lattice match to

lnP . The optical and electrical properties of this system are similar to those of the

GaAs -A1GaAs system since both belong to the class of [11-V compounds.

For longer wavelengths, which are of particular interest for systems based on high-

power gas lasers , such as HF (2. 7 pm) DF (3.8 ~m) and CO2 (10. 6 .ini) the Il-VI com-

pounds CdTe-HgCdTe and the IV-VI PbTeSe-PbSnTe are possibl e candidates. In the CdTe-

Hg CdTe system narrow-gap HgCdTe photod iode detectors for any desired wavelength in

th e 0.85 - 12 ~m range could he incorporated into waveguide structures by selective

epitaxial growth . A good lattice match enables the growth of high-qua li ty layers by VPE~.

Iii addition , the (‘d~l ’e- ll gCdTc system has the advantage of a large electroopti c coefficient

t h a t  is useful for phase sh i f ers and modulators . The drawback of this syste m is the lack

of sources , since atte mpt s to r e a l iz e  diode lasers and eff ic ient  LED’ s in this material have

so far been unsuccessfu l .

The PbTeSe-PhSnTc sv~ t rn has the advantage that eff icient  tunable diode lasers have

been develope d over  a l)r ( I ( ivelcngth range and could he used , for example , in integrated

he r rodvnt receivers. Wi t h  ri two ternary alloys a nearl y per fect lattice match can be
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achieved. (Other lead salt alloys could cover short wavelengths, e.g. , PbS-PbSSe could

cover the range from 3. 8 to 8.5 pm. ) The disadvantage of the lead-salt systems is that

they are not electrooptic.

Table II is a summary of the wavegulde devices that have been developed in the four

alloy systems. For GaAs-A 1GaAs all of the components that would be needed in a fiber

communications terminal and in a number of other applications have been developed and

could be incorporated into lOCs with additional effort.

____________
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TABLE I

SEMICONDUCTO R MATERIA LS FOR OPTICAL WAVEGUL DE DEVIC ES

GaAs -Al GaAs lnP- Ga lLnA8P CdTe -HgCdTe PbTeSe -PbSnTe

Wavelength range of interest (pm ) 0. 85 - 0.95 0.9 - 1.7 0. 85 - 12 6.5 - 12

Type of energy gap direct direct di rect direct

Electroopti c coefficient (max)  1. 2 x l0~ 
12 unknown 5. 3 x io 10 not electro-

(m/V)  (GaAs) (CdTe ) optic

Elastooptic coefficient 0. 07 - 0.2 unknown .057 - . 15 unknown
(GaAs) (CdTe )

Lattice mismatch (%) � 0. 35 -- � 0. 8 --
Epitaxial growth techniques LPE , WE LPE VPE LPE , VPE

developed MBE MBE

TABLE II

WAVEGUIDE DEVICES DEVELOPED

GaAs-A1GaAs lnP-GaInAsP CdTe-HgCdTe PbTeSe-PbSnTe

Double heterostructure diode lasers X X -- X

Distributed feedback diode lasers X - - - - X

Distributed Bragg diode lasers X - - - - - -

Optical amplifiers X - - - - --

Photod i ode detectors X - - -- - -
Optical waveguides X - - X X

Di rectional-couple r switches X -- -- --

Electroabsorption modulators X - - -- - -
Electrooptic modulators X - - X - -

Acoustooptic modulators X - - X - -
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