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Research Objectives

The broad objectives of this program are to further our understanding of the

intrimic and extrinsic properties of highly transparent solids in the infrared

region of the spectrum. The identification of chemical and structural imperfec-

tions which occur in highly transparent insulaturs and semiconductors are in-

vestigated by the following experimental techniques: infrared optical deriva-

tive and light scattering techniques. The experimental results are used to

develop theoretical models for the intrinsic and extrinsic interactions.

Status Report Summary

The previous informal technical report covered the period 1 January 1980

to 31 August 1980. Since this interim report covers the period I January 1980

to 31 March 1981, some aspects of the former report are included for the our-

poses of continuity.

Our unique infrared wavelength modulated spectrometer is capable of detect-

ing a change in absorption or reflection of a part in 105 on a relatively smooth

background in the spectral region from 0.2-2-20 'lms. With this instrumentation

we have for the first time measured the continuous spectral distribution of the

absorption in highly transparent solids at levels of 10 cm . A detailed

study has been completed on: KZ, KBr, CaF 2, LiF, NaCZ, LaF 3, BaF3 , MgF1, SrF,

and MgO in the spectral region 2.5-12.0 m. Previcusly, only measurements at

discrete wavelengths by thermocouple laser calorimetry and photo-acoustic calori-

metrv were available. The richness of the absorption structures observed in all

these crystals enabled us to identify volume and surface contaminants and allowed

the identification of the type of bonding of the particular constituents present.

The sensitivity of the infrared modulation systems indicates that it is capable

of detecting a fraction of a monolayer surface species.

Stress in chemical vapor deposition layers of Si on sapphire were examined

using our derivative spectrometer by measuring the shift and polarization depend-

ence of the 3.4 eV critical point.

Strain in ion implanted GaAs was readily detectei by our techniques bv ob-

serving the shift of the L, - Llc Critical point.
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Free-carrier screening of hvperbolic xcitons in GaAs was oGhsrve.

De-ep levels in Si and GaAs were observed by deep level derivative absorp-

tion spectroscopy (DLDAS) with a sensiLivity of 10 1 2 -i0_ impurities/cm 3 pre-

viously only obtained by electrical transient capacitance techniques (DLTS).

Oxides on the compound semiconductors GaAs and HgCdTe were observed in

700 A layers using Raman scattering and optical derivative techniques; OH-can

be observed in the former and TeO in the latter meterials. In addition, SiH
2

was observed in 8A layers of Si.

An initial study of Rayleigh-Brillcuin scattering from single and poly-

crystalline alkali halides was completed indicating that dislocations, grain

boundaries and the impurity-pinning at these sites are possible candidates for

increased scattering in polycrystalline samples

A series of infrared transmitting low loss fluoride glasses were prepared

using reactive atmcsphere processing techniques. In addition, Rayleigh-Brillouin

and Raman scattering were performed on these glasses indicated that the HfF,-

BaF,,-TbF,. , system scatters more than the ZrF -ThF -BaF2 system.
14 4 2

The study of surface polaritons on n Silicon and Copper was completed

showing that such studies should be conducted in the complex plane when either

the damping is large or there exists interband transitions in the spectral re-

gion studied.

A multipass tandem Fabry-Perot interferometer was assembled to study sur-

face excitations on semiconductors as -well as the largely unexplored region of

intertace surface phonons between metal-conductor, metal-oxide-semiconductor

and heterostructures using Rayleigh-Brillcuin lack-scattering.

Infrared Wavelength Modulation Spectroscopy of Insulators

The infrared wavelength modulation spectrometer system that we have de-

veloped has enabled us to perform unique measurements on highly transparent

solids at levels of absorption of O- 5cm. These techniques were previously em-

ployed on KBr and KCZ and have now been extended to other crystalline systems

which are of interest in light guiding applications. A detailed study has been
completed for CaF 2 , LiF, NaC2, NaF, LaF BaF MgF 2 , SrF and MgO. We have

measured the continuous spectral distribution of the absorption in these mate-

rials in the spectral region from 2,5 to 12.0 Pm. Previously, only measurements
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at discrete wavelengths by thermocouple laser calorimetry and photo-acoustic

calorimetry were available. Rich and varied adsorption structures were observed

in all these crystals which enable us to identify volume and surface absorption.

It is interesting to note that despite the diverse chemistry of these substances

and the varied crystal growth techniques employed in the preparation of these

materials, similar dominant bands are observed in most samples which are due to

physisorption, volume and surface chemisortpion. However, the various fine

structures observed in different crystals are indicative of the individual char-

acteristics of the chemistry of the crystal preparation. These measurements

which were performed in the laboratory and dry N2 ambient readily show the physi-

sorption and desorption of surface contaminants and allow the identification of

the type of bonding of the particular constituents present. The surface charac-

ter of some of the absorption at levels of 10- 4 to 10- 5 cm indicates the im-

portance of performing measurements in the same ambient when comparing low level

absorption measurements by various sensitive techniques.

The sensitivity of the infrared modulation techniques indicates that a

fraction of a monolayer of surface adsorbed species can be detected. Experi-

ments in controlled ambients on well characterized substrates using this tech-

nique can be rewarding for the physics and chemistry of surfaces.

This work has been presented at the Laser Damage Symposium, 1980, at Boulder,

Colorado. A paper will appear in the NBS Proceedings of this Conference. A

copy of the submitted manuscript is enclosed in the Appendix of this report.

The successful use of our infrared optical derivative system in the study

of bulk and surface impurities in insulators at levels of 10- 5cm indicates that

much remains to be done in the area of laser windows. It is clear that our

A-modulation measurements should be used in conjunction with a systematic study

with crystal synthesis groups.

In the latter part of this report period our attention was directed toward

the use of our infrared X-modulation techniques as well as Rayleigh-Brillouin

scattering to semiconductor problems. We have demonstrated that N-modulation

can be used to study deep levels in GaAs And silicon at levels of sensitivity

formerly only obtainable using DLTS electric measurements. In addition, we

have shown that thin surface oxides can be studied by N-modulation and optical

scattering techniques.
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Wavelength Spectroscopy of Semiconductors

In the growth of semiconductors by various expitaxial techniques and the

doping by icn implantation, an important technological problem is a means of

detecting stress in the growth layers. We have used our wavelength modulation

techniques to determine the shift of various band structure critical points as

a function of doping. It has been possible to observe the stress in chemical

vapor deposition layers (CVD) of Si on sapphire by examining the shift of the

3.4 eV critical point. In addition a polarization dependence of the shift was

measured indicating an anisotropic strain exists in 4700 to 1900 A layers on Si.

Strain in ion implanted GaAs was readily observed by our techniques. The
shift in the L 3-L critical point due to various ion implanted species such as

Be, Sb, S, In and double implanted Sb + Be were observed; the implanting flux
13 2

was of the order of 10 /cm . It is surprising that significant structural

changes were observed for such low levels of implanting and attests to the sen-

sitivity of our techniques. Compared to unimplanted GaAs, positive and nega-

tive shifts of the energy of the critical point indicates that we are able to

distinguish contraction and expansion of the lattice. Previous attempts to

study strain effects in semiconductors looked for changes in carrier mobility

in implanted material proved futile. Since transport measurements involve aver-

ages over the distribution of Bloch functiuns, the local character of strain is

not immediately obvious. Since our wavelength modulation reflectivity measure-

ments samples the material within a penetration depth for the radiation, in the

present case - 50A, one can "view" local effects of strain on the band structure

of the semiconductor.

We have begun studies of the E and E1 + AI critical point in GaAs as a

function of doping. Since this van Hove singularity has a hyperbolic exciton

associated with it, it is of interest to stud. the effects of free-charge screen-

ing on the final state interaction. This study has shown that the reflectivity

as a function of increasing carrier concentration, shows little broadening, but

a definite decrease in magnitude. These effects are indicative of screening

effects on the hyperbolic exciton. Although there have been many experimental

and theoretical studies to search for free-carrier 5crerning on direct and in-

direct excitons, to our knowledge none have concerned the hyperbolic exciton of

this critical point. This is particularly surprising in view of the extensive

studies of band structure of semiconductors bv electro, piezo, thermo-modulation
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techniques. It is planned to continue these studies foi n and p-type doped

materials. In addition, we plan to develop the theory of screening for this ex-

citon. The study of screening effects for such final state interactions is par-

ticulary attractive since one can avoid the ancillary effects of screening such

as bank -ailing or Burstein shifts which can mask screening effects for direct

and indirect excitons. Knowledge of screening effects will become increasingly

important technologically as very large scale integration of heavily doped de-

vices develops.

Deep Level Derivative Absorption Spectroscopy (DLDAS) on GaAs and Si

Our understanding of point defects, such as vacancies and chemical impuri-

ties in semiconductors which give rise to substantial rearrangements of elec-

tronic density and atomic positions, are not well understood since they are

not well described by effective mass or linear response theory. In recent

years the emergence of transient capacitance techniques have stimulated quan-

titative studies of deep levels and motivated theoretical studies. Despite the

immense variation in these junction techniques which differ in technical de-

tails, the end results one desires from these measurements, is the optical emis-

sion or absorption crossections for either electrons or holes which are pro-

portional to the absorption coefficient. In general, excited states are not

observed in these techniques and thresholds for the transitio s to bands are not

easily determined. Direct absorption measurements could yield the quantities

of interest, but at levels of sensitivity of DLTS techniques, on the order of
12_ 14 310 10 /cm , they can not be employed. However our optical derivative tech-

niques have the requisite sensitivity. In addition it is not necessary to make

electrical contacts to the samples nor are we restricted to specific sample re-

sisitivies.

We have performed wavelength derivative measurements on high purity triple

zone refined Si and have observed numerous absorption bands between the band

edge and the multiphonon tail at levels of 10 cm . The identification of

these levels have not been definitively made; some of them correspond to Si

vacancies and interstitial energies. We plan further measurements on Si as a

function of temperature. Aside from the above bulk levels we have also ob-

served an absorption band at 4.4 -m which is present in Si whose strength is
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independent of sample thickness. This band seems to be due to an Si-H vibra-

tional band; it is particularly strong when Si is etched with HF, however it

is present regardless of the surface preparation employed.

The properties of high resistivity GaAs continues to be of technological

importance since it is a substrate or buffer layer in molecular beam and other

vaporous growth techniques. The aim of electrical characterization of insulating

materials is to determine the concentration of shallow donor or acceptors to be

compensated by deep levels. To this day it is not clear whether Cr or 0 levels

used for compensation give rise to multiple levels or exist as clusters.

We have initiated studies by optical derivative techniquest to study semi-

insulating GaAs. In Cr:GaAs samples 20 mils thick, we have easily resolved a

number of absorption bands between 0.8 and 1.1 eV. In addition, absorption bands

were observed in undoped crystals with absorption coefficients at levels of

-2 -l1
10 cm . Most previous studies of such material have only been studied by OTSC

techniques (optical thermally stimulated currents). We have initiated such elec-

trical studies in conjunction with our optical derivative techniques. Simultaneous

studies using optical and thermal stimulation can be profitable since each yield

slightly different physical parameters for the deep levels.

In addition, we have initiated high resolution Fourier-transform photocon-

ductivity measurements to look for the sample differences in the hydrogen-like

spectra of shallow donor or acceptor species in MBE prepared layers.

The tripartite approach or the same sample will give a global assessment

of semi-insulating gaAs. The purpose of such an assessment is to determine the

residual concentration of shallow levels N D-NA and the concentration of compen-

sating deep levels.

Raman Scattering and Optical Derivative Measurements o

Oxides on HgCdTe, GaAs and Si

The oxides that are formed on compound semiconductors are of fundamental

and technological interest. The sites of chemisorption on these materials have

been a matter of discussion for some time. The successful fabrication of MOS

type devices as well as the stabilization of surface states depends upon the

preparation of appropriate oxides. The chemical, physical and electrical pro-
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perti s of oxides on GaAs and HgCdTe are not sufficiently understood or con-

trolled. The use of microprobe, Auger and other commonly used surface analysis

methods yield only atomic abundance. However, Raman spectroscopy can provide

direct information on the composition and structure of surface oxides.

0

We have performed Raman measurements on a sample of 700 A oxide grown on

HgCdTe obtained from the Santa Barbara Research Center. In this work a number
-l

of bands were observed in the region 100 to 400 cm . To identify these oxides,

a series of Raman experiments were performed on crystalline CdO and TeO, since

there is a paucity of literature of the modes of these oxides which are suspected

to occur on HgCdTe surfaces. This work has allowed us to deconvolute some of the
0

structures observed in the 700 A layer. The dominant bands observed in these

oxides seem to be due to oxygen bound to Te-sites. We have also been able to

observe infrared active bands in these oxides using infrared derivative tech-

niques.

In examining the oxides grown on GaAs substrates, it has been Dossible to

detect OH modes in 0.5 Wm layers. We have previously shown, using our infrare d

modulation system to study the 9.0 'm SiO vibrational band in "A layers ,f

cent" oxide on Si form in normal laboratory ambient. In these experiments, 5i

substrates were etched with HF and the growth of the oxide was monitore,d

serving the growth of the 9.0 -m band. As we have previously indicated in this

report,we also observed strong SiH bands when HF etch was used as well as when

other surface preparations were employed.

It is clear that since our methods can detect a fraction of a monolaver of

oxide, if we were to perform such experiments in UH, we could answEr the veing

question involved in the passevation of GaAs surfaces as to what is the initial

site of oxidation on GaAs. By observing whether , Orr As O_ t';nds cro iti<>:

f[armed in UHV oxidltion, an important contribution to this field can be made. Wc

have given some consideration to performing such IHV nptical experiments. Thl

major components of UHV pumping and dewar system have been assemblud. !cw¢evor

some auxilliary equipment such as a quadrupole mass-spectromemter is not *vai-

able to complete such a system.



Rayleigh-Briliouin Scattering

We have assembled a high contrast ratio five-pass Fabrv-Perot interfero-

meter. In addition, A tandem Brillouin spectrometer has Deen assembied for the
extended free spectral range up to 100 cm to study low frequency modes in

highly transparent solids. The systems are under computor control using a CAMC

interface. Aside from studying inelastic Brillouin and Raman regimes using the

interferometer, the electroni. system enables us to also study quasi-elastic

(Rayleigh) scattering by digital-ohoton counting and self-beating techniques.

Current technological interests continue to motivate a search for cindidate

materials which exhibit low optical losses at specific wavelengths for utili-

zation in fiber optic and other light guiding applications. Considerations have

been given to the ultimate theoretical intrinsic-loss mechanisms and the prac-

tical extrinsic losses due to impurities and imperfections in crystals and

glassy materials. The ultimate transparence of a material should lie in a valley

between the intrinsic electronic absorption edge and the tail of the multiphonon

transitions. In this spectral region, the ultimate losses should be due to

Rayleigh and Brillouin scattering. The Brillouin scattering results from acousti-

cal nhonons and is an intrinsic property of a given material. The Ravleizh

scattering cf light results from nonpropagating fluctuations in the dielectric

constant. These fluctuations can result from frozen-in random variations in the

dielectric constant of a disordered solid as well as fluctuations resuiting from

local variations in strain in crzstalline solids: such extrinsic scattering will

vary from sample to sample; however entropy fluctuations which are intrinsic pro-

perties can still contribute to the Rayleigh scattering.

Using our Rayleigh-Brillouin scattering system, we have completed an ini-

tial study of scattering from single and polvcrvstalline materials in coopera-

tion with a group at the Hughes Research Laboratory, to probe the scattering

mechanisms in highly transparent solids. We have found that polvcr-.stalline

materials scatter more strongly than single crystal materials. However, we hnve

not as yet explicitly associated a particular elastic scattering process vilicri

contributes to the total scattering. Grain boundaries, dislocations ind the

decoration of these structures by impurity-pinning are possible candidates. in

addition, our results indicate that even in pure single crystal KC, amples, thcr,

is more scattering than predicted for an ideal crystal.



A paper entitled: "Scattering Losses in Single and Polycrystalline Materials

for Infrared Fiber Applications" is to be published in the volume entitled "The

Physics of Optical Fibers, 1980" as the Proceedings of the .Am. Ceramic Society

Annual Meeting, Chicago, April 1980. A copy of this manuscript is enclosed in

the Appendix.

Fluoride Glasses

The search for materais which exhibit low optical losses has been directed

progressively to larger wavelength for the following criterion. Consideration of

the various contributions to intrinsic scattering indicate that the minimum opti-

cal loss should occur at the intersection of the Rayleigh scattering curve on the

high frequency end and at the multiphonon edge at low frequency. Since the Rayleigh
-4

scattering losses exhibit a A wavelength dependence, it is clear that it is

desirable to operate at longer wavelengths.

It has recently been discovered that it is possible to prepare a series

of non-oxide glasses based on a mixture of ZF, and HfF, with other metallic fluo-
4 4

rides. In the conventional preparation of these glasses residual impurities such

as OH and 0 can contribute extrinsic absorption and scattering centers. Because

of our programnatic interest in highly transparent materials, we have turned our

attention to the fabrication and optical measurements on these glasses. In collab-

oration with a group at the Hughes Research Laboratory, glasses consisting solely

of high purity ZnF, ThF and BaF, have been synthesized using reactive atmos-

phere processing (RAP) techniques. The utilization of RAP in the synthesis cf

these glasses has shown that infrared transparency and the mechanical strength of

these halide glasses are greatli improved by eliminating anionic impurities such

as OH and 0 resulting in glasses which are continuously transparent from 0.3 to

7 Im and are water insoluable and unusually strong and hard.

This work has been published in "Infrared-Transparent Glasses Derived from

the Fluorides, Thorium and Barium," M. Robinson, R. C. Pastor, R. R. Turk, D. P.

Devor, M. Braunstein and R. Braunstein, Mat. Res. Bull. 15, 735 (1980).
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Rayleigh-Brillouin and Raman Scattering in Fluoride Glasses

In order to evaluate the scattering losses in these glasses, Ravleigh-

Brillouin and Raman measurements were performed. By measuring the ratio of

the intensity of the Rayleigh to Brillouin scattered light - the so-called

Landau Placzek ratio, one can obtain the attenuation due to scattering in

terms of calculable scattering losses. Such measurements were performed on

two glass systems: HfF -BaF - ThF and ZrF -ThF -BaF Preliminary measure-
4 2 4 4 4 2' iiaymaue

ments indicate that the scattering is larger for the HfF 4 glass than the ThF 4

glass. Whether this is fundamentally due to the "fictive temperature" of

these glasses or is extrinsic, remains to be seen after further measurements

on a number of samples are performed.

In addition, Raman scattering measurements were made on these systems as a

means of identifying the optical phonons in the glasses compared to the phonons

of the pure constituents of the glasses.

Surface Polaritons

Optical attenuated total internal reflection measurements were performed on

the surface polariton of n+ Silicon and Copper. These investigations enable

the optical contants of the materials to be determined in a spectral regime

where they are difficult to measure by conventional means and in addition, the

dispersion relationship of the surface excitations were obtained. The general

dispersion relationship for surface plasmon at an air-solid interface is
112= (I 2/)(2 ()/(i+(o)) where -(w) is the complex bulk dielectric func-

tion of the solid. In general, there will be two physical solutions to the dis-

persion relationship that is, one where the frequency is real and kll complex;

and the other where w is complex and kll real. Up to the present work, there

were wide discrepancies between theoretical and observed dispersion curves ob-

tained bv attenuated total internal reflection techniques. Previously, investi-

gators had attempted to interpret their data using real values of 9. Due to the

apparent discrepancies between theoretical predictions and experimental evalua-

tions in the real frequency phase, we examined the surface polariton dispersion

relationship for various models in the complex frequency plane. An original

method was developed to evaluate the optical constants, dielectric functions
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and the Fresnel reflection coefficients by redefining them as functions of

complex frequency. By evaluating the attenuated total integral reflection

dispersion curves in the complex plane, we were able to obtain agreement be-

tween theory and experiment for the materials measured in this work. Before

this analyses, it was believed that the backbending observed in some disper-

sion curves would occur only for complex wavevector solutions of the dispersion

relationship. Our analysis comparing the complex-t and complex-k solutions of

the dispersion relationship showed that the difference between the two calcu-

lations is small.

As a consequence of this work, we believe that all studies of surface polar-

itons should be conducted in the complex frequency plane when either the damp-

ing is large or there exists interband transitions in the spectral iegion

studied.

The above work has been completed and the following manuscripts have been

submitted for publication:

"Optical Properties of the Surface Plasmon of n+ Silicon" - P. F. Robusto

and R. Braunstein to appear in Phys. Stat. Sol. (b), "Optical Measurements

of Surface Plasmons in Copper" - P. F. Robusto and R. Braunstein, to appear

in Phys. Stat. Sol. (b).

Publications For This Period

"Infrared-Transparent Glasses Derived From the Fluorides of Zirconium,
Thorium and Barium," with M. Robinson, R. C. Pastor, R. R. Turk, D. P. Devor
and L4. Braunstein (Mat. Res. Bull. 15, 735 (1980).

"Scattering Losses in Single and Polycrystalline Infrared Materials for
Infrared Fiber Applications," with J. A. Harrington, M. Braunstein and B.Bobbs
(to appear in Proceedings of Am. Ceramic Society Annual Meeting, April 1980,
to be published as Volume on Physics of Optical Fibers, 1.980).

"Infrared Wavelength Modulation Spectroscopy of Laser Window Materials," with
R.K. Kim and M. Braunstein; Laser Damage in Optical Materials; 1980, Oct. 1980,
NBS Boulder Co. ed by H. E. Bennett, A. J. Glass and A. H. Guenther to appear
in NBS Special Publication.

"Infrared Transparent Glasses Derived from Hafnium Fluoride," with M. Robinson.
R. R. Turk, D. P. Devor and M. Braunstein; To appear in Proceedings of Los
Angeles Technical Symposium Feb. 9-13, 1981, North Hollvwood, California, the
Society of Photo-Optical Instrumentation Engineers.
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"Optical Measurements of Surface Plasmons in Copper," with P. Robusto to appear
in Phys. Stat. Sol. (b)

+

"Optical Properties of the Surface Plasmon of n Silicon," with P. Robusto to
appear in Phys. Stat. Sol. (b).

Personnel Associated with Project

R. Braunstein Principal Investigator

B. Bobbs Ph.D. Candidate

M. Burd Ph.D. Candidate

D. Deal Ph.D. Candidate

M. Eetemadi Ph.D. Candidate

R. K. Kim Ph.D. Candidate

Scientific Interactions

We have continued active relationships with other groups in the field.

Liason was maintained with the synthesis groups at the Hughes Research Labora-

tory regarding the evaluation of alkali halide, alkali earths and halide

glasses prepared by reactive processing. The work on Hgl xCdxTe oxides has

benefitted from samples and technological exchanges with the Santa Barbara

Research Center. The Si on sapphire and ion implanted samples were obtained

from the Industrial Products Division of Hughes at Carlsbad. The work on the

fluoride glasses is a cooperative endeavour with the Hughes Research Laboratory.

In addition, discussions on this project have been held with B. Bendow of RADC.

We have had extensive technical exchanges regarding shallow donor and acceptor

levels in molecular beam epitaxial material with C. W. Litton of the Air Force

Avionics Laboratory and through an extensive visit by Dr. K. Baja to UCLA. In

addition, we have participated in the ARPA review on nucleation of crystal

growth and the properties of HgCdTe. We have evolved a detailed program with

the Morris Braunstein Molecular Beam Epitaxial group at the Hughes Research

Laboratory. This program entails a unified correlation with the Hughes svn-

thesis activity and the UCLA study of shallow and deep levels in MBE layers of

GaAs.
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:NFRARED dAVELENGTH MODULATION SPECTROSCOPY OF LASER 4INDOW MATERIALS*

Rubin Braunstein, Ryu <. Kim
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We have previously shown that the infrared wavelength modulation system that we have
developed is capable of measuring the complete spectral jistribution of the extrinsic
absorption in nignly transparent solids at levels of 10- cm-1 in the spectral range from
2.5 to 12 microns [lJ.l The Previous measurement techniques that were emloyed for nBr and
KCZ nave been extended to other crystalline systems which are of interest in light guiding
applications, namely: CaF 2, LiF, NaCZ, NaF, LaF3, BaF 2 , MgF 2, SrF2, and MgO. Rich and
varied absorption structures were observed in all of these crystals enaoling an identifica-
tion of volume and surface absorption. Similar dominant bands Are observed in many of these
substances indicating the presence of common impurities regardless of the crystal and the
origin of its growth. However, varied fine structures are observed in different crystals
which are indicative of the individual characteristics of the chemistry of the crystal
preparation. These measurements were performed in laboratory and dry N2 ambients and
readily show the physisorption and desorption of surface contaminants. In appropriate
materials, measurements were extended into the intrinsic multiphonon region.

Key words: Extrinsic and intrinsic infrared absorption; volume and surface impurities; infrared wave-
length modulation; CaFZ; LJF; NaCl; NaF; LaF 3 ; BaF; Mgl ; SrF2; M90; laser windows.

1. Introduction

The requirements for high power laser and light guiding systems continue to generate a need for
extremely low absorption levels in infrared transmitting materials. These interests continue to
stimulate efforts at material growth and surface preparation techniques to produce materials that
approach intrinsic absorption levels in appropriate spectral regions. in practice, in the nighly trans-
parent regions, absorption coefficients are observed to vary greatly from sample to sample indicating
the extrinsic nature of the absorption processes. To assess progress in improvements in material
preparation, sensitive techniques are required to measure low levels of absorption.

To determine the sources and nature of the extrinsic light absorptions, we have employed the
technique of infrared wavelength modulation in the spectral region from 2.5 to 12.0 ;m. e nave pre-
viously employed this technique CIl in a study of KBr and KCZ oreoared sy different crystal growth
tec'hniques and were able to identify possible surface and volume impurities. In the present work, we
have extended these studies to survey a number of ootical materials comnonly used in laser window
applications, namely: CaF2, LiF, NaCZ, NaP, LaF 3 , BaF2, MgF 2, SrF2, and MgO. The continuous spectral
distribution of the absorption obtainable by wavelength mOdulrjion tecniaues at levels of 10-5 cm-l

facilitates identification of volume and surface absorptio, ;enters. Althouqn rich and varied absoro-
tion structures are observed in all of these crystals, similar dominant bands are observed in lanv of
these substances indicating the presence of common imouritles regardless of the crystal origin and the
concomitant growth techniques Jsed to prepare the materials.

2. Experimental Techniques

The Infrared wavelength modulation spectrometer was previously described [11. it consists of
system for sweeping the output wavelength of a monochromator across the exit slit by a vibrating out-
put diagonal mirror whose depth of modulation can be continuously controlled. Careful consideration
is given to the subtraction of the background of the transfer function of the 'onocnromator whici can
include atmospheric absorption, the spectral response of the optics as well as the detector. 7o
accomplish this, a sample-in-sample-out procedure is used to obtain the background intensity without
the sample, the derivative of this background, the transmitted intensity with the sample Present and
its derivative. The above operations are performed under microprocessor control. The computation of
the energy derivative of the absorption as well as its integration to display absorption Peaks are
performed on-line using a POP 11/20 computer. Although the primary data in the for" of the energy
derivative of the sample absorption is adequate to reveal absorption structures, as an aid for :om-
parison with the conventional literature, the integrated results are reported in this paper.

3. Experimental Results and Analysis

The crystals used in this study are indicated in table 1, tooether with suppliers of the materials.
Standard procedures were used to prepare the surfaces of the samples; these consisted of surface
grinding, polishing with a slurry Of Linde A in ethanol or propanol. and *hen drying under a "at
lamp. Prior to the optical measurements the samples were stored n a vacuum desiccator. The optical
measurements were Performed with the samples in the laboratory ambient is well as in 3 Jry 4, atmos-
Dnere. The data for the various materials studied are shown in "igures 1, 3, 4, 5, 6 7, ,,

'Supoorted by the Air ;orce )f'ce of $cientific Research.
lFiqures :n Drackets Indicate 'terature references at the end of this paper.



The laboratory ambient and dry 4, atmosphere runs for a given sample are displayed on the same page to

facilitate comparison. The absorption coefficients at tme upper left nand of :me "cures are the
beginning of the intrinsic Multiphonon tails and are shown wnen they fall within the s;ectral range of
the spectrometer.

4hen the absorption coefficient is sufficiently nigh, as in the nultipnonon region it is possible
to measure the transmission directly as well as its derivative. In this case, it is possible to
determine the constant of integration which is necessary to obtain the absolute value of the adsoro-
tion when integrating derivative data; tnis constant can be used to calculate the absorption coeffi-
cient in the extrinsic region well below the multipnonon tail. The constant of integration can also
be obtained from a laser calorimetric measurement at a given frequency. The integration is performed
by a standard trap zoidal integration; in this computation the depth of modulation, anich in the pres-
ent work is 10 cum", is inserted as a parameter. The integrated derivative data without the constant
of integration is shown to the right of the figures. The zero of iK is obtained by a computer cor-
relation procedure to deconvolute the background derivative [2]. The zero of the _.K wavelength moou-
latlon result is subsequently normalized to an absorption coefficient determined by laser calorimetry
shown in each figure, which effectively supplies the constant of integration. To read the actual
absorption coefficient at a given wavelength, one merely adds or subtracts the value of AK at that
wavelength to the calorimetive value.

The absolute value of the absorption coefficient can be slightly ambiguous in providing the base-
line data using nulti-mode laser calorimetry since the node structure of the laser can straddle some
line features in the absorption spectrum of the sample. Obtaining the constant of integration, i.e.,
the baseline correction by a direct absorptlon measurement in the same wavelength modulation apparatus
would be a more direct procedure as when the derivative measurements span the spectral range into the
nultfphonon region. This was not done in this work since this procedure would be more precise if the

direct absorption measurement were performed above and below the region where the baseline is to be
obtained. However, since the main thrust of the present work is to reveal the spectral features of
the absorption, the laser calorimetric normalization was used and the values of !K from the integrated
wavelength modulation data displays the fine structure excursions above and below the calorimetric
point.

Figure la and figure lb show the absorption spectra of BaF 2 taken In the laboratory ambient and
in a dry Nj atmosphere. respectively. The richness of the spectra should be noted; previous laser
calorimetric measurements using a few discrete lines show only a broad peak between 1-5 .m peaking at
3.4 m. Comparing the spectra in figures la and Ib; it should be noted that the absorption within the
spectral region from 1600 to 4000 cm-' decreases after the sample has been initially in the laboratory
atmosphere and is subsequently placed in a dry 4,) atmosphere for two hours. When the sample is
returned to the laboratory ambient for several nours the original structure in figure la is recovered.
The fact that the magnitude and the linewidths of tome of the bands change in a dry 41 atmosphere
indicates that i portion of the aosorption is due lo surface pnysisorvtion. The structures that per-
sist even wnen the samples are flushed in dry 41 'My be due to surface chemisorption species or volume
impuritles. The absorption edge starting at 100O 0ci-1 and increasing to lower energy is the multi-
phonon absorption tail.

Crystals containing substitutional molecular anion impurities typically exhibit a number of sharp
infrared absorption bands corresponding to various internal modes of polyatomic ions. There may be

small shifts in frequency and increase in linewidths depending on the particular host; however.
because of the relatively small interaction with the crystal host, the vibrational frequencies can be
used to identify a particular chemical impurity and the nature of its bonding. In addition to Duik
absorption there is the possibility of surface absorption which can be comparable to bulk absorption
which can be due to crystal growth techniques, mechanical or chemical polishes and chemical cleaners.
.n addition, exposure to the atmosphere can lead to a deposition of a conglomeration of impurities.

Correlation-type charts nave been published which tabulate molecular-ion vibrational frequencies
as a means of identification of possible surface and volume Impurities in laser windows [3]. if one
considers a complete frequency overlay of all Possible impurities that can be present in concentra-
tions of 0.1 ppm, one would expect a quasi-continuum absorption throughout the 2.5 to '2.0 .m region
due to the overlap of the Lorentzian tails of the various absorption bands. owever, the distinct
absorption bands observed in the present work indicates the presence of dominant impurities. Conse-

quently, rather than dwelling on the multiplicity of possible impurities, we shall consider the common
molecular anion impurities such as the ietaborates, nitrides, nydrocarbons, carbonates, and OH" ions
that are revealed by conventional absorption spectroscopy of pure commercial crystals since 't is
reasonable to expect that they may still oe present at lower levels in purified materials.

The vibrational frequencies of common bonds of some polyatomic anions are shown in figures 2a and
2b which display the OH-, C-H and carbonate 1rouPs and the metaborates and nitrides, respectively;
figure Za will be used primarily in the following analysis since these impurities seem to be dominant;
however, bands in figure 2b may also be present.

If we examine figure Ia for the laboratory atmosphere data in conjunction with figures 2a and 2b,
it is possible to identify some possible impurities. A prominent band at 4.2 .m can be associated
with the Physilsorption of atmospheric CO2 . The bands in the 4 to 6 ,m and 2.8 _.m egions can be iue
to atmospheric water, while the bands in the 3 to 4 im region can be ass:ined to an overlap of hydro-
carbon bands. 'he bands in the 6 to 3 m region seem to be associated with :arbonates. 'he fact *hat
the oands in the 4 to 6, 2 .8 a and 3 to 4 m regions are 'argely due to Pnysisorbed species is com-
firmed by the decrease In absorotlon in the dry 41 atmosoere data shown in 'iqure 'b.

!he region between 6 and 5 m in BaF 2 shows :onsicerable structure whose magnitude varies onl ,
1lightly with .ry 4, flusning. As we have previcusly inlcaten by the examination of figures 'a and
lb in conjunction with figures 2a and 2b these structures can be associated with the :hemiorotion f
carbonates. ;otoacoust'c ieasurpe-'t on 3aF' and SrF ising I CO laser that was tunable to aiscrete
lines n the J to 3 fn relion :41 nave reveale -teo-le structures in the sur'ace 3dsorot'on, wnle
.ur easurements reveal distinct bands.



I.

The MgF2 laboratory atmosphere data shown in figure 3a reveal a cluster of bands similar to those
observed in BaFo. Again the ubiquitous COI at 4.2 An is evident. The 2.8 and 4 to 6 ,;m regions
reveal the 'liquid" water and ON" bands, while the 3 to 4 .m region reveals the possible overlap of
C-H bands. The 6 to 8 im bands seen in BaF 2 seem to be absent or are obscured by the strong water
band in the 4 to 6 um region. The dry N9 data in figure 3b shows a dramatic suppression of all the
above bands. The remaining structure can be due to volume or chemisorbed species; the rise in the
neighborhood of 2.8 and 4.8 can be due to OH" and "liquid" water, respectively.

The SrF 2 sample in laboratory atmosphere shown in figure 4a is very similar to the structure seen
in BaF 2 and the identifications of the bands are similar to the BaFi discussion. However, it should

be noted that the dry N2 atmosphere run in figure 4b snows a much greater decrease in the structure
compared to the BaF 2 dry N2 run. The remaining structures in figure 4b can e due to bulk or chemi-
sorption with the possible identifications: 6 to 8 m (carbonates), 3 to 4 im (C-H bands), 2.3 .m(ON').

The CaF 2 laboratory data in figure Sa again shows a similar distribution of bands as exhibited by
the BaFi and SaF2 sample with a possible similar identifications of the bands. The marked decrease in
height 5f these bands in the dry N2 is again evident as shown in figure Sb.

The distribution of the bands in NaF in figure 6a exhibits the familiar pattern previously Jis-
cussed for BaF 2, SrF 2, and CaF 2 . However, figure 6b shows a large decrease in the band heights in the
2.5 to 4.0 m region.

The LaF 3 sample in the laboratory atmosphere shown in figure 7b reveals the 4.2 An CO2 band, the
6 to 8 ;m possible carbonates and the ON" band near 2.8 urn. However, it should be noted that the
bands in the 3 to 4 im region due to C-H vibrations which have been prominent in BaF,, MgF 2 , SrF,,
CaF2 and aF seem to be aosent or greatly suppressed. in the dry 12 data in figure 7b the Peak near

2.8 um possibly due to OH" is about the same height as in fiqure 7a. One should note the decrease in
the overall absorption in the 4 to 8 um region as indicated by the large negative values of the LK.

The NaCZ data in both the laboratory and dry N4 atmosphere data in figure Ba and 8b, respectively,
show prominent structures. Although the spectral distribution is different in detail in both of these
figures one can still identify the: 6 to 12 ;n (carbonates), 4.8 _m ("liquid" water), the 4.2 im C02),

3 to 4 Arn (C-H) and the 2.8 urm (OH-) bands. The prominence of the bands in both ambients is consis-
tent with the greater surface activity expected for NaCZ as compared to the above substances. Although
there is a large decrease in the height of the bands in figure 8b, as shown by the large negative
values of 2K, most of the bands are still evident that were present in figure 3a.

The LIF data in figures ga and 9b snow little structure indicating that LiF is the least surface
active of All the substances studied. The absence of the 4.2 m C02 band which was visible 'n all the

previous substances studied including <Br and <C1 which was previously Published :1] should be noted.
The only pand which seems to be noticeable is 4.5 .m band in both ambients possibly due to water.

The data for MgO are shown in figures lOa and lob. The most Prominent features seen In the lab-
oratory ambient are: a doublet in the 2.8 to 3.0 .m region fwater and 'IN-), some aspects of a pos-
sible 4.2 in (C02), structure in the 4 to 6 im region (liquid 820) and very slight structure In the
3 to 4 ;m region (hydrocarbons). :t is interesting to note that of the doublet in the laboratory
ambient it is only the 3.0 .A band wnicn survives dry .41 flushing with a noticeaole suppression of the
2.8 in band. In a previous study of M0 [51 impurity bands were observed between the 3. .m and
2.7 on. Our study clearly shows that the 3.0 u band is due to bulk or chemisorbed OH" wnile the
2.8 -.im band is due to ohysisorbed ON-.

The region of intrinsic absorption in MgO shows some fluted structures in the multiohonon absorp-
tion tail. The rise around 1600 cm

-1 
(6.3 um) agrees with the shoulder previously studied *n !he

*nultipnonon spectra of MgO r6] and was attributed to 4TO phonons by suitably averaging over the is-
person curves.

4. Summary

Figure 11 shows a "schematic" representation of the typical spectra seen in most of the samples

in the laboratory atmosphere; this "free-hana" drawing essentially suirarizes the dominant bands that
are observed! An examination of all of the samples studied except LiF show many features in common
despite the fact that a cursory glance would emphasize the differences in detail. The 6 to 3 m
,carbonates), the 4-6 An 'liquid water), the 4.2 am (C02), the overlap of bands in the 3 to 4 in regi
(hydrocarbons) and the 3 and 2.3 im bands (OH" bound to water and free OH-: Are seen in most of the
samiples. In general, the ohysisorbed surface character of these bands is confirmed by their marked
suppression in a dry N2 atmosphere.

S. Conclusion

We have measured the continuous spectral distribution of the absorption In a number of naterials
of Interest for laser window applications in the spectral region from 2.5 to 12.0 im. This work has
enabled an identification of volume and surface contaminants where their existence could only be con-

jectured from previous discrete thermiocouple laser calorimetry and ohotoacoustic calorimetry measure-
iients. It is interesting to note that although the diverse chemistry and crystal Irowth techniques
were employed in the preparation of these materials, similar Jominant bands are observed in most

samples which are due to physisorption, volume, and surface cnemisorotion. :t has been possible to
identify the type of bonding of the oar icultr constituents present. The surface character of some of
the aDSOrition at levels of 10

4 
to 10-

" 
cm- indicates the 'nportance of er'orminq measurements in

the same ambient ahen comparing low level absorption ieasurements by qarious sensitive techniques.
'he sensitivity of the infrared wavelength modulation technique 'ndlcates hat a fraction of a mono-

ayer of surface adsorbed species can be detected. Experlments in controlled ambients and on well
zharacterized surfaces ising this technique can be rewarding 'or the tudy of 'he physics ind c ei istry

if surfaces. "he dramatic changes In the physisorbed spectra in the substances studied -moicate that



a continuous flow of dry 42 along the outer surfaces of optics may nave some rewards in high power
laser systems.
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Table 1. Origins of the samoles ised in this work.

BaF 2 - HARSHAW

4gF2 - OPTOVAC

SrF 2 - Hughes Research Laboratories - Press-forged
from RAP Boule

CaF2 - HARSHAW

MF - OPTOVAC

LaF 3 - Hughes Research Laboratories - He+HF cast

NaCZ - Hughes Research Laboratories

LiF - MELLER

MgO - OPTOVAC

- . 4



FIGURE CAPTIONS

Figure Ia. Wavelength modulation spectra of 3aF 2
in the laboratory atmospnere.

Figure lb. Wavelength modulation spectra of BaF,
in a dry N2 atmosphere.

Figure 2a. Correlation chart of carbonates,
C-H, 0-H and water frequencies.

Figure 2b. Correlation chart of metaborate and
nitride frequencies.

Figure 3a. Wavelength modulation spectra
of MgF2 in the laboratory atmosphere.

Figure 3b. Wavelength modulation spectra
of 4gF7 in a dry N2 atmosphere.

Figure 4a. Wavelength modulation spectra
of SrF 2 in the laboratory atmosphere.

Figure 4b. Wavelength modulation spectra
of SrF 2 in a dry 42 atmosphere.

Figure 5a. Wavelength modulation spectra
of CaF 2 in the laboratory atmospnere.

Figure 5b. Wavelength modulation spectra
of CaF 2 in a dry N2 atmospnere.

Figure 6a. Wavelength modulation spectra
of NaF 2 in the laboratory atmosphere.

Figure 6b. Wavelength modulation spectra
of NaF 2 in a dry N2 atmospnere.

Figure 7a. Wavelength modulation spectra
of LaF 3 in the laboratory atmosphere.

Figure 7b. Wavelength modulation spectra
of LaF3 in a dry 2 atmosphere.

Figure 8a. Wavelength modulation spectra
of MaCt in the laboratory atmosphere.

Figure 8b. Wavelength modulation soectra
of NaCZ in a dry N, atmosphere.

Figure ga. Wavelength modulation spectra
of LiF in the laboratory atmosonere.

Figure 9b. Wavelength modulation spectra
of LiF in a dry 4, atmosphere.

Figure 10a. Wavelength modulation spectra
of MgO in the :aboratory atmosphere.

Figure 1ob. Wavelength modulation spectra
of MgO in a dry 4, itmosonere.

Figure 11. "Schematic" representation )f
the typical spectra seen in most samples
in the laboratory atmospnere.
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ABSTRACT

Polycrystalline fiber waveguides, fabricated from infrared

transparent solids such as KRS-5 and KCI, have measured losses

much greater than conventional silica fibers. One major source of

these losses is scattering from grain boundaries present in the

polycrystalline fibers. To improve the optical transmission of our

infrared waveguides, we have studied the losses due to scattering

in single and polycr'stalline materials which are suitable for

fabrication into infrared transmissive waveguides.
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INTRODUCTION

Optical fiber waveguides made from crystalline materials such

as KRS-5 (TIBrl), TlBr, AgCI, and KC1 have been used for a variet,

1-4
of 10.6-iUm, CO., laser applications. The losses in the current

IR fibers, however, are high (lowest loss measured is 300 dB/km at

10.6 ;m in KRS-5) and applications in sensor and laser power

delivery systems have been limited co snort (1- to 2-m) lengths of

fiber. 2-4 This measured IR fiber attenuation is considerably

higher than that predicted theoretically for these and related IR

transparent materials. 2'5  In fact, Gentile et al. and .,an Uiterz

and Wemple 5 have shown that these materials have projected losses

as low a- 10- 3 dB/km near 5 im. To develop this ultra-low-loss

potential, for such applications as long-distance communication

links, requires a careful analysis of the nature of the attenuation

mechanisms present in IR transparent waveguides. In this paper, we

address the contribution of scattering to the total attenuation in

bulk materials that have the potential for being fabricated into

highly transparent fibers.

The attenuation mechanisms present in low-liss solids are

illustrated in Fig. I for fused silica. At the shortest wavelengths,

electronic processes (Urbach tail) contribute heavily to the total

loss. At the IR wavelengths of interest, however, two mechanisms -

scattering and multiphonon absorption - have been identified as the

Uultimate, limiting loss processes. In Fig. 1, the cur':es for
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scattering (which decreases as X with increasing wavelength) and

lattice (multiphonon) absorption (which increases exponentially

with increasing wavelength) cross to yield a minimum in the total

attenuation. For fused silica, this minimum, which is about

0.25 dB/km at 1.6 ,im, has been achieved in kilometer-long fibers.
6

For certain crystalline as well as special glassy solids, minima

occur near 5 um with projected losses well below the intrinsic

losses measured in silica (projected losses are given in the next

section).

The total attenuation coefficient cT may be written as the

sum

aT ~S+ "A 1

where i S and aA are the contributions due to scattering and absorp-

tion, respectively. Each term in Eq. I can be measured independently,

thus allowing the individual mechanisms contributing to the overall

optical loss in solids to be studied. For example, atT can be

obtained from standard spectroscopic and fiber insertion loss

measurements wnile laser calorimetry has been used very successfully

to determine residual absorption aA in weakly absorbing materials.

The scattering terms aS has not been as well studied. Measurements

using integrating spheres for both bulk and fiber materials are

generally used to obtain a total integrated scattering (TIS) loss.
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These methods, however, have the disadvantage-of being unable to

distinguish among the various individual scattering mechanisms con-

tributing to TIS. To elucidate the various scattering mechanisms

as well as to obtain a value for YS' we have chosen to study the

light scattering spectra of solids. These spectra are composed of

elastically (Rayleigh) scattered light that results from various

nonpropagating fluctuations in the materials index of refraction

and inelastically (Brillouin) scattered light that results from

the interaction of light and the thermal motion of ions (sound

waves). Although Rayleigh-Brillouin (RB) spectra have been used to

7
measure a in glasses, this technique has not been expressly used

before to study scattering losses in single- and poly-crystalline

materials. In this work, we have measured U scattering at 900 in

bulk single- and poly-crystalline KC1. As discussed in the next

section, we expect very little Rayleigh scattering in single-

crystal materials; for polycrystalline samples, however, intuition

suggests that the residual strain and grain boundaries associated

with the hot press-forged, polycrystalline material should lead to

larger amounts of scattering. Our preliminary results supoort this

presumption, but we have not yet been able to account for the

source of each scattering mechanism contributing to the RB spectra.

GENERAL CONSIDERATIONS

The limiting attenuation mechanisms in transparent solids are

scattering and multiphonon absorption. These contributions have

4|



been considered by several investigators in the context of projecting

future ultra-low-loss materials for the next generation of fiber

waveguides. Van Uitert and Wemple 5 have studied the potential of

ZnCl 2 (a glass former) while Gentile et al.' and Pinnow et al.'

have concentrated on the crystalline materials. In Fig. 2, we con-

sider the projected transmission for KRS-5 and KCl and compare these

predictions to fused silica. The curves in Fig. 2 show the charac-

teristic V shape resulting from the crossing of the scattering

(short wavelength) and multiphonon (long wavelength) attenuation

mechanisms. The only scattering mechanism assumed in calculating

the X-4-dependent scattering curve for KRS-5 and KCl was Brillouin

scattering (aB - see below). As mentioned above, the V-shaped

curve for silica has essentially been traced out experimentally

and thus silica fiber losses are now intrinsic. For KCI and KRS-5

(as well as for many other non-oxide ionic solids), however, Fig. .

shows the extremely low loss potential for these materials near

5 -, m.

To determine S from RB light scattering experiments requires

a careful measurement of the intensity of both the Brillouin- and

Rayleigh-scattered light. Brillouin scattering results from light

that has been inelastically scattered (Bragg scattering) from

acoustical phonons (sound waves). The frequency of the scattered

light is Doppler shifted from the frequency of the laser light

by an amount '.:

5



4rnV sin( /2)

0

where n is the index of refraction of the medium, v is the velocity

of sound, ' 3a the scattering angle, and a is the vacuum wavelength
0

of the light. This frequency shift has been well studied in alkali

S
halides. The Rayleigh-scattered light (central maximum at . ) is

due to scattering of light from nonpropagating fluctuations in the

dielectric constant. In glasses, mechanisms which give rise to

these fluctuations include: density variations resulting from the

frozen-in, random variations in dielectric constant inherent in a

disordered solid; concentration fluctuations resulting from the

local compositional variations present in mixtures; and entropy

7
fluctuations resulting from temperature variations. Of the three,

only entropy fluctuations, which are very weak, would be present

in an ideal single crystal.

To obtain is, we first evaluate the intensity ratio of the

Rayleigh (IR ) to the total Brillouin (21B ) scattered light. This

ratio is called, based on its use in light scattering in liquias,

the Landau-Placzek ratio R.. ind is defined' as

I
RLp- 2 B  2)

'trictl: ineaking, since : and thus R,, ire related to speci fc

scattering mechanisms (iuch -is -.iose iiscussed above for glassesi,



measured values of R are generallv regarded as a property ,of a
L..P

given material (e.g., fused SiO, has an ' 23, while 33KO-67SiO,
9

has an 1, 1 10). In our experiments, we measure I without, in

general, knowing the specific mechanisms contributing to the

Rayleigh component of scattered light. Therefore, we should more

appropriately speak of an effective Landau-Placzek ratio with R

representing the intensity of the central maximum.

The measured RLp is then used to calculate a., as described

by Pinnow et al.10 and others,' from the relationship

-:a -1M + 1) ,(3)

where i., is the small residual attenuation coefficient due to

Brillouin scattering alone. It is given by

3Tr 3  I 1

-3 .4 -1 )  kB "BT ' (4)
B

where P is the photoelastic (Pockels) coefficient, T is the

temperature, kB is Boltzmann's constant, and 3_ is the isothernal

compressibility. For ideal single crystals, I 0, thus .? "0

and (from Eq. 3) 1 . This leads to the scattering curves in

Fig. 2 for KRS-5 and KCl, which were calculated from Eq. 4 ilone,

while the scattering for fused silica was calculated from Eq. 3

using R.L? = 23.

7



An interesting feature of measured RLpS for crystalline solids

is their dependence on polarization. For our single-crystal

measurements in KCl, a [1001 crystal orientation was used for most

samples studies. With incoming light along the [100] direction

and scattered light along the [010], the polarization of the inci-

dent and analyzed scattered light was either vertical (V) or

horizontal (H) with respect to the scattering plane. For this

geometry, we may determine the intensities of the Brillouin compo-

nents from the selection rules for the rock salt structure (0h

and the differential cross section. The intensities I and

allowed vibrational modes for the various polarizations (phonon

4

momentum q along [110) direction) are summarized in the matrix

given in Table Ia. Using the known photoelastic (P and P ) anda12 44

elastic (Cil C,12 and C 44) constants for KCl, 1 we calculate the

matrix elements in Table la and give them, normalized to IHH (the

weakest intensity), in Table lb. Table lb shows that the intensi-

ties of the longitudinal modes (frequency equal to 15.3 CHz) in 'I'

polarization are much stronger than those in the other polariza-

tions (transverse mode frequency equal to 7.2 GHz). This eans

that measured Landau-Placzek ratios may vary greatly depending on

crystal orientation and polarization, with the smallest .I occur-

ring for the VV polarization.



LIGHT SCATTERING MEASURFMENTS

The RB spectra were recorded using as a source an Ar-ion laser

(Spectra Physics Model 165) delivering 10 to 300 mW of single-line

power and a PZT-scanned Fabry-Perot spectrometer. The experimental

set-up is shown in the block diagram in Fig. 3. The spectrometer

is a Burleigh Instruments, Inc., actively stabilized Fabr; -Perot

interferometer with its associated photon counting electronics.

Data acquisition is provided by a 512-channel Tracor-Northern

multichannel analyzer (MCA). This MCA has proven essential for

obtaining good S/N ratios for these crystals (between 2000 and

20,000 scans are generally accumulated for each spectrum).

To improve the contrast of the spectrometer, we added a three-

pass attachment to the interferometer. This allowed us to readily

detect the Brillouin components in the polycrystailine materials

where the Rayleigh scattering is more intense. Fig. 4 shows the

results of a 900 scattering measurement on polycrystalline KCI

doped with 1.75% RbCl taken with the light passing once (one-pass)

or thrice (three-pass) through the interferometer. T1ie improved

contrast in the three-pass case is obvious. Note in particular

the resolution of the transverse modes in the three-pass case that

has been lost in the Rayleigh wing in the one-pass case. Clearl',

the three-pass arrangement, which has been used in all our measured

data, is necessary to obtain a reliable 1LP. The resolution of

-1.
the triple-pass Fabry-Perot spectrometer was 0.03 .cm (finesse

equal to 30).

9



RESULTS OF LIGHT SCATTERING 7ThPERIMENTS

Measurements of scattering losses were -nade at 488.) C nm in

bulk single and polycryrstalline KCl. The KCI was reactive atmos-

13
phere process (RAP) single-crystal material which was ei:tner

used in oriented single-cr-7stal (SC) or in hot-press t orzi,

polycrystalline (?) form. The RB scattering data shown in Fig. 3

are for pure, single-crystal KCl oriented as shown in the insert.

From the data, we can see the intense stokes (S) and anti-stokes

(AS) longitudinal 3rillouin components in the ""h' polarization. :he

3rillouin components are also seen to become weaker in VH (or H!V'

and HH Dolarization, which is in cualizative agreement with zhe

results stated in Table 1 for this scattering geometr;i. Simiar

results were obtained for other RAP-grown xu.. (SC) althcuh the

3,s were found to ;,arv7 somewhat from sample to samp)le.

The data 'for polycry;stalline KCI (average :,rain size, 10 _m) are

show.n 'for t-wo ooiarizacions in Fig. 6. We can see -from these data

the intense Raylei.gh scattering ty.pical cf our pooicrystalline

samples. :n this sample, we also note the presence ot onl.' iongi-

:udiinal modes in VV polarizati~n and4 transverse modes in 1

polarization. This leads us to conclude t.hat we have, tbv _-nanco,

illuminated an axis of high s'.'nmetry in this samole. ecificall;.,

it would appear from the data that the crvistailites are oriented

along the [100 ireczion for this particular exneriment. .1

general, we would exne<-t -D Thservca an iomixture of L and T modes



consistent with a random orientation if polycrvshalline

samples.

Effective Landau-?idczek ratios have been calculated for these

two samples from the data in Figs. 5 and 6. These data are sum-

marized in Table 2. For the single-crystal KCl, RLp is lowest for

the VV polarization, as discussed above, but the RpS for other

polarizations do not scale with the predicted Brillouin intensi-

ties (see Table 1). This is due to the polarization dependence of

the Rayleigh-scattered light. Our measurements of IR indicate that

the Rayleigh scattered light is, as expected, most intense for the

VV polarization. For this polarization, IR is approximately

3 co 10 times stronger than when measured under HV, VH, or HH con-

ditions. More detailed studies of the depolarization ratio might

give insight into the nature of the static defect contribution to

elastic scattering. :n general, the values for R,, obtained for

polvcr.stalline KCI(P) are higher than those for KCi(SC) (see

Table 2). Again, the V -olarization for this unoriented nolv

sample yields the lowest Lp and the HH case yields the highest

R (this trend was also seen in anotier KCI(?) sample).

Table 2 also gives the values of :L calculated from Eqs. 3

and 4, which, for KCl at 483.0 nm, reduce to,

1S = 1.5 x 10 -  (a. -t ) cm -

11



These attenuation coefficients due to scattering may be compared

to the absorption coefficients obtained for KCl by laser calorimet-

14
ric measurements at 488.0 nm by Harrington et ai. They found

-4 -1 -5 -1
4 1A = 3 x 10 cm for KCI(P) and IA < 2 x 10

- cm for KC1(SC).

We see, therefore, that the total attenuation LT(= : , S) is

7argely due to scattering.

The nature of the Rayleigh scattering in our crystalline

samples is not completely understood. The results indicate sub-

stantial elastic scattering beyond that predicted above theoretically

from entropy fluctuations. One may consider this excess parasitic

scattering as arising from mechanical and chemical defects in the

crystal. Although all the KCI has been kP purified, we cannot

rule out different amounts of chemical impurities in each sample.

It is also evident that residual strain is present in both single

and polycrystalline samples (observed as birefringence in crossed

polarizers). This strain, which one would intuitively expect to

be greater in the hot-forged polycrystalline materials, can lead

to substantial elastic scattering. In particular, one would sus-

pect grain boundaries as a potentially strong source of Rayleigh

scattering because impurities, voids, and high strain would be

more prevalent in these areas.

In our polycrystalline samples, it was not possible to examine

the scattering from a single grain boundary because the average

grain size (10 _m) was much smaller than the scattering volume
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(cylindrical volume, 350 .,m long by 30 m in diameter). Brody

15
et al., however, were able to study elastic scattering from a

single grain boundary in polycrystalline calcium fluoride

(Irtran-3). In their measurements, the grain size (150 'am) was

larger than the scattering volume and they found essentially no

difference in the intensity of light scattered from within a

crystallite to that scattered from a volume containing a grain

boundary. One might conclude from their results that grain

boundaries do not contribute to elastic scattering; however, to

assess the effect of grain boundaries properly, one must study

high-purity material with a low Rayleigh background. Our future

experiments will look more closely at the effect as well as the

importance of residual strain on the Rayleigh scattered light.

SUMMARY

Our RB scattering studies on bulk KCl have been an initial

attempt to probe the mechanisms responsible for scattering losses

in highly transparent materials. We have found that polycrystal-

line materials scatter more strongly than do single-crystal

materials, but we have not as yet been able to explicitly associ-

ate a particular elastic scattering process with a finite con-

tribution to the total scattering. Our results, however, do indi-

cate that, even in these very pure KCl samples, there is more

scattering than predicted for the ideal KCI crystals and thus

future fiber waveguides from these low-loss materials may be limited

L3



more by scattering than absorption losses. Consequently, it is

important to study scattering in poly- and single-crystal materials

to understand the origin of the Rayleigh scattering and thereby to

determine methods of minimizing this contribution to the attenuation.
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TABLE I

Intensities of Brillouin Components for a Rocksalt Crystal

Mode IVV IVH IHV IHH

(110) L 4p2 0 4p24
412 4P 44_______

C11 + C12 + C44 CII + C12 + C44

(a) (11o) T 0 0 0

(001) T 0 P2  0

2C44

Mode IW IVH IHH

(110) L 133 0 1

(b) (110) T 0 0 0

(001) T 0 4.8 0



TABLE I I

Effective Rp and Calculated Values of

Structure Polarization -p aS

Single VV 26.2 4.1 x 10-5

Crystal VH 38.5 5.9 x 10

(SC) HV 44.9 6.9 x 10 - 5

HH 276.4 4.2 x 10 - 4

Polycrystalline VV 496 7.5 x 10- 4

(P) VH 830 1.2 x 103

HV 1598 2.4 x 10

HH >5000 >7.5 x 103
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FIGURE CAPTIONS

Fig. I - Schematic representation of optical attenuation mechanisms

in solids.

Fig. 2 - Projected losses for some IR transparent materials.

4
Short wavelengths are bounded by i/ -scatterng and

long wavelengths by multiphonon absorption.

Fig. 3 - Block diagram of scanning Fabry-Perot interferometer for

measuring RB spectra.

Fig. 4 - Improved contrast in -1B spectra of poly KCI + 1.75% RbCl

through the use of 3-pass attachment on Fabry-Perot

interferometer. The spectra were all recorded using the

3-pass configuration.

Fig. 5 - Scattering spectra for single-crystal KCI for three dif-

ferent polarizations. Landau-Placzek ratios are given

in Table 2 for these data.

Fig. 6 - Scattering spectra for polycrystalline KC1 (average grain

size is 10 -.m). Landau-Placzek ratios are given in

Table 2 for these data.
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A.SATGlasses consisting solely of high-purity ZrF 4 , ThF4,, and 3aF, have 'been
synthesized using reactive atmosphere processing (RAP) tecnniques.
RAF of the individual components and the molten material wit-,
anhydrous HiF and CCd4 is described. The glass malds easily at 31--C
and 1920 psi with a high-fidelity replication of the die surface.
The glass is water insoluble, unusually hard ana strong, and con-

* tinuoisly transparent from 0.3 to 7 m.

Introduction

During :he past several years, considerable effort has been directed to the
prprton or exceptionally high purity halide materials for i muit-.:ude of

applications ranging from laser windows to fiber optics. RAP has been suc-
cessfully develooed for crystalline KC1 to bri4ng about the reduction in the
10~.6-um absorntion coeffi 4cient from cm'(e.I to fl~c~ Ref. )
RAP methods increased the rupture strength by one order of magnitude and
greatly reduced surface attack by ambient hum~idityr.

* RAP, when applied to the single-crystal growth of rare earth fluorides3,
zotally elininzated many; 3olid-solid phase transiticns thought to be .intrtnsiz
to these compounds. The transicions are triggered by low concentrati ons ot
OH ; minimizing the OH- level by atmosphere control permitted large single
:rvstais (>L cm) to be grown from melts of fluorides previously thought to

* exchibit di-morphism.

nulticomponent fluorozirconate glasses, a relatively new class of materials.
were reported first by M4. Chanthanasinh (4) in 1976 and later by ?oulain et al.
in 1977 (5). 3och were concerned with the ZrF4-ThF4-3aF, system; that system
;- also the subject of this pa~er. The preparation technique t-7oicallv, used
3y earlier workers consisted of reacting highly purified components at 1800 to
40O*C in an argon atmosonere. The starting materials were contained in a her-
meticallv sealed nickel crucible and the glass was formed by pouring the ul
reacted 'melt into a mold residing in a nitrogen-filled glove box. The iitrecus

735
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domain for ZrF 4 -ThF4-BaF. can be described as an area of a trian;Ie on :"e
ternary diagram bounded Dv tne following points: o3 mole zrF, IS Moie
ThF4 , and 38 mole ' 3aF,. RAP preparations throughout this area readi2l. :iei
transparent glasses; however, the composiion of interest or this paper Is
00% ZrF 4 , 7% ThF,, and 33% BaF2, which is essentially the center of :ne votre-
Jus domain.

This paper describes the RAP approach to preparing this fluoride ,lass
utilizing ooen crucibles and controlled atmospheres of anhydrous U and 0-4.
?hysical properties including spectral data are given as well as glass molding
techniques.

Experimental

_rification of MYaerials

ZrF 4 of 99.5% purity was obtained from the Cerac Company. 7his raw
material was created with dry HF at 400%0 and sublimed once at 900'C in a
stainless-steel sublimator. The high-purity, colorless, transparent needles
were then combined with ThF 4 and 3aF, to give the desired ratio - 0.60 Zr:
0.07 Th: 0.33 3a. The ThF4 was derived from 99.9% ThOI (Cerac). The oxide was
first reacted with a 49% HF solution, and then the water was evaporated away at
about 1000C until a dry powder resulted. Text, this powder was slowly' heatec
and subjected to gaseous HF until melting occurred. The high-purity product
was the source of ThF 4 for glass-forming experiments. The 3aF, from -M
.aboratories, was 99.99% pure. it was treated with dry HF to C000C prior to
use as a starting material for glass preparations.

Each glass forming run consisted of a 93-- batch. Vitreous carbon or plat-
inum *ruci.Les were used in an Astro :noustries (graphite resistance) furnace.
The furnace was vacuum pumped to 300C before tne start of RAP. :he reactive
atmosohere was either anhdrous 1F diluted to 10 mole : with helium, or Sase-
ous Cl, (Mallinkrodt AR) diluted with helium. The mixture was heated to
900WC in 5 hr; the resulting melt was soaked for 5 hr and then cooled abruotly

to room temperature. The ingot could then be annealed at ZZO°C to remove
strain.

Glass Molding

Molding was accomplished with a Z0-ton PHi hydraulic press with readao!e
pressure to 2.5 psi intervals. A ,/2-i. cylindrical tungsten :ar.de .le ;as
used. The inner faces of the plungers were polished coticall'y flat to 1,
fringe "sodium spectral line - 5396 1). The ie with ,aoDle inside is placec
in the tress. The temperature is raised -o 312C and increasing pressure .s
applied ;ntil a nressure drop s indicated due :o glass flaw. Te- eratore s

zeld constant until the die is filled as indicated cy no further pressure -r-7
ev,,en as h-igher pressure is apolied. The temperature is then lowered bei,w
3000, the pressure is released, and :ne sample is cooled to room :emperature.

Results and Discussion

;lass Prooerties

Early batches of 0.60 ZrF4 :3.37 ThF :3.33 3a7- glass were orepared exclu-
sivel7 with a RA consisting of HF illuted with helium. .Althou~p X-ra.,- powaer
pattern 3nowed that the specimens were indeed glassy, :hey, ipeared to cnsi3t
f o phases - a primar- transparent-colorless pnase and .3 reitivelv small
uantitv of an opaque-black phase. Electron m crcorobe anai;~ts of :he iamcles
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indicated that the opaque-black substance contained only one-half :he fluor:ne
of the transparent phase. This fluoride-deficient phase formea regardless of
whether a platinum or carbon crucible was used, and, surprisingly, its con-
centration appeared to increase with longer HF soak times.

The formation mechanism of this opaque-black phase is not understood; it
would appear to result from the dissociation of ZrF 4.- Figure I shows the 7R
transmission curves (Beckman IR 12) of three fluoride glass samples. Curve A
is for the glass 0.60 ZrF 4 :0.10 ThF4 :0.30 BaFi. This glass is manufactured in
France by La Verre Fluore and, using an inert atmosphere, is prepared with
careful attention :o the prevention of hydrolysis. The absorption centered at
about 2.35 -m may be the result of a trifling amount of OH contamination.
Curve 3 results from a HF-orepared glass, 0.50 ZrF , :0.07 ThF 4 :0.33 3aF,. This
specimen appears to have even a higher concentration of CH- than foes A. HF is
not an effective reactive atmosphere for these glasses. 7t can displace OH-
and 0' from simple mixtures of BaF, and ThF 4 , but, at temperatures above 5200C,
ZrOj resists conversion to ZrF 4 (i~e., ZrO, is thermodynamically favored
over ZrF 4 even in the presence of HF). OH impurity arises from hydrolysis
stemming from water emanating from the interior surfaces of the furnace, and
HF of course cannot eliminate this water. The reduced transmission throughput
is caused by some precipitated fluoride deficient base. Curve C is 0.60 ZrF:
0.07 ThF4 :0.33 3aFi glass prepared in a CC1 4 atmosphere. Note that the trans-
mission is continuous. CC1 4 is an extremely effective reactive atmosphere. :t
reacts with both OH- in the melt and outgassed water:

CCl4(gas) + 20H(melt) -(gas) - ZHC1(gas) --(melt)

CCI :'H 0 Co. + 4HCl'4(gas) - 2O(gas) -2(gas) '(gas)

Moreover, CC: 4 pyrolytically cracks at temperatures above 4000C to give nascent
chlorine, which compensates any fluoride deficiency and yields remarkably
colorless and transparent ingots.

The absorption coefficients of sapphire, Le Verre Fluore glass, and Hugnes
fluorozirconate glass are compared as a function of wavelength in Fi;ure Z.
The measurements, made with a Cary Model 14R, show the Hughes glass CCI, pre-
pared) to be less absorbing than the Le Verre Fluore, 'ut not nearl: as good
as sapphire. Fluorozirconate glass prepared in anhydrous HF gives about :-e
same result as Le Verre Fluore glass. The physical properties of the glass
0.60 ZrF 4 :0.07 ThF 4 :0.32 3aF 2 prepared in 2Zl are given in Table L. The glass
transition, crvstallization, and fusion temoeratures were oecer.ined for a
sample sealed at room temperature in a platinum zapsule at a :ressure )r
<10- 3 Torr. Water insolubility was ietermined ov soaking typical glass samles
in tap water :or 4 -.r at room temuerature and obser-74g no weight chane.

Molded -lass

Figure 3 shows the fluorozirconate glass (prepared in CC1 4) and the iie
before and after hot pressing. ?ressing was done at 312 0 C and 1920 psi in air.
Note the frosty areas corresponding to flat cut corner bevels on the original
blank. Total height reduction was 31.2% - from 0.213 in. to 0.150 in.

Residual gas anslysis of crystalline ZrF 4 shows the evolution of fluorine
at 7 ' 300*C, i.e.,(white) ZrF 4 = (black) ZrF, - Fi.
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WAVELENGTH IN MICRONS
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TABLZ I
Physical Properties of 0.60 ZrF 4 :0.07 TF 4 :0.33 3aF, Glass

(Prepared in CCI.. Atmosphere)

Properties Values

Optical transparency 0. 3 m UV to 7 -m IRa

Density 4.8 g/cm3

Glass transition temperatured 2950C

Crystallization temperatured 390 0C

d
Fusion temperature 4850C

Refractive index (nD) 1.53

Knoop hardnessb (Kg - 2) 250

Humidity effects Water insoluble

Heat capacity (C) at 45oCd 0.511 J/g-*C

Coefficient of linear expansion

30 to 60C 4.3 x 0-6/°C

250 to 270C 13.3 x 10- /1C

Rupture strength c  35,300 psi

Absorption coefficient at HF laser
wavelength (2.8 urn) x 10-  cm

Absorption coefficient at DF laser
wavelength (3.3 xm) 10'c i m

arior art fluoride glass shows a strong absorption at 2.35 -m.

bsingle crystal calcium fluoride (CaF,) is 135.

:orged CaF, is 14,000 psi.

*Masured with DuPont thermal analyzer model 1090.
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7igure 4(a) snows the flatness of the die plunger co be about i,12 fringe of
sodium light (5896 1/4). Figure 4(b) shows that :he molded glass surface

closely duplicates the die surface.

S umarv

The key to maximizing LR transparency and mechanical strength for these
halide glasses lies in eliminating anionic imouricies such as CH- and 0- which
enter t.he condensed phase through hydrolysis during t'he mixing and melting

stages of preparation. The HF scrubbing is not effective in this case. HF
will not react with ourgassed water emanating from the furnace interior, ana,
at elevated temneratures, it will not react With ZrOj to yield ZrF. Moreover,
the use of HF appears to promote significant quantities of a black, fluoride-
deficient phase. CCI 4 , on the other hand, eliminates oxygen-containing spe-
cies by reacting both with atmospheric water and with oxygen species in the
melt.

Furthermore, ucilization of CC14 for scrubbing compensates fluoride de-
ficiency by adding C1- to the F- vacancies. Fluoride glass prepared With the
benefit of CC 4 AP is continuously transparent from 0.3 m to J.7 .-m, is
unusually hard and strong, and can be easily molded at moderate temperature and
pressure.
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Optical Properties of the Surface ?lasmon of n Silicon

?. F. Robusto and R. Braunstein

Denartment of Physics, University of California, Los Angeles, California 9002-'

The optical properties of the surface plasmon of n+ silicon

were determined by a least squares curve fit of the Drude incra-

band model to the ATR reflection spectra. The surface plasmon

resonance of n+ silicon is highly damped ( = 2.69), and causesP

the ATR dispersion curve calculated on the real frequency axis to

exhibit backbending for its complex frequency-like solutions;

whereas, the theoretical dispersion curve exhibits :he standard

wavevector divergence at the surface plasmon frequency. This dis-

crepancv is rectified by converting the optical properties of n-

silicon into functions of complex frequency, and using them to

calculate the ATR dispersion curve in the complex frequency plane.

A comparison of the Drude dielectric function as a function of

real and complex frequencies was analyzed. The comparison shows

that the difference between their values is small at high frequencies

and deviate the largest in the region near the surface plasmon

resonance.



Optische Messungen des Oberfldchen-Plasmons von n+SllIuM*

P.F. Robusto und R. Braunstein

Physik-Abtei lung, University of California, Los Angeles, California 90024

Die optischen Eigenschaften des Oberfl~chen-Plasmons von n+Silizium
wurden festgelegt, indern fUr das Drude Intraband-Modell die Methode der klein-

sten Quadrate fUr das Verfahren der stochastischen Kurvenerinittlung an die
abgeschwdchten Total ref lexions-Spektra Anwendung fand. Die Oberfiachen-
Plasmonresonanz von n+Silizium 1st stark geddrnpft (w p r 2,69), und bewirkt,

daG3 die auf der wirklichen Frequenzachse berechnete, abgeschwachte Total-
reflexions-Dispersionskurve ZurUckbiegung fUr deren komplexe frequenzartige
Ldsungen aufwelst, wohingegen die theoretische Oispersionskurve die Standard-
Wellenvektor-Oivergenz bei der Oberfl~chen-Plasmonfrequenz aufweist. Diese

Unstlrinigkeit wird korrigiert, indem die optischen Eigenschaften von n+ Sili-
zium in Funktionen komplexer Frequenz umgewandelt werden, und indem diese

benUtzt werden, urn die Kurve der abgeschwdchten Totaireflexion in der Ebene
der komplexen Frequenz zu berechnen. Emn Vergleich der dfelektrischen Funk-

tion nach Drude in Abhdngigkeit von wirklichen und komplexen Frequenzen wurde
analysiert. Der Vergleich ergab, daB der Unterschied zwischen den Werten bei

hohen Frequenzen niedrig ist und da3 die Werte am meisten im Bereich nahe der
Qberflachen-Plasmonresonanz abweichen.



I. INTRODUCTION

The dispersion relationship of surface polaritons cf metals"- an

semiconductors has been extensively studied for materials where the damning

of the surface polariton oscillation is small. It is the aim of this studv

to investigate the optical properties of the surface plasmon of r- siliccn

:or which the oscillation is highly damped. The general dispersion relationship

Z 4
-or surface plasmons for an air-material interface is

Sr C(c) '1/2 )

where kI is the surface plasmon wavevector which is parallel to the inzer-

-ace, ,) is the surface plasmon frequency, c is the speed of light, and

is the frequency dependent bulk dielectric function of silicon which for

this study will be of the form of the Drude free electron model which is

I p
I" I 1 '-

1+

where t is the high frequency dielcotric functicn, = ('4Ne'c m*)
• . p

the bulk plasma frequency, m* is the electron effeCt:4,e mass, :"e

electron concentration, e is the electronic -narge, and - is the electr:ni -

relaxation time.

For a damped surface )scillacicn the :omlex frequency - real "avevect,?r

3olutions of the disoersion relationship given by 7,-,. (i) -s bv tne

methods of Geamon and ?alik. The wavevector k , s assmed reaL, whi le t .e

requency of the .:citario i 3 :,rmie~x and erual :



-3-

= I +  2 2 ,)

where w is the surface plasmon frequency, and is related to the surface

plasmon damping. A plot of ! versus kii yields the surface plaswon 2)spersion

curve. Briefly, Gammon and PalikD methods involve substituting Eqs. (2) and (3)

into Eq. (1) and sol-ing for a .j value for a particular , I value such that

the imaginary part of Eq. (1) is equal to zero. With these values of -, and

-u the real part of Eq. (1) is solved for the real wavevector k . Repeating

this produces a set of W,, W. and ki values are obtained from which the

dispersion curve is obtained. The complex wavevector - real frequency solutions

of the surface plasmon dispersion relationship [Eq. (I)' will not be discussed

in this study.

The Otto ATP technique 1is a method for coupling incident electromag-

netic waves to surface oolaritons. By computer curve fitting the ATR spectra

to the Drude dielectric function [Eq. (2)] the optical properties of the

surface active medium are obtained. Using these optical constants the dis-

persion relation of the surface plasmon on the real frequency axis is obtained

from the computer calculated minima. Each minimum is obtained by fixing the

incident angle and varying the frequency, where the reflected intensity of

o-polarized light is greater than 90% at the minimum.

Section '. contains the experimental details of 3amnle -reDaration and

surface plasmon resonance measurements. Secticn :I: gives the results of the

)oticai measurements and discusses the disoersion of the surface iasmon n

the real freauencv axis. :n Section !7 we discuss the AMR analysis in te

oomplex frequency plane and the complex freauencyJ optical r pert:ies o- n-

silicon. :n Section " we summarize our results.



A. Sample Preparation

The n+ silicon samples were obtained by diffusing phosphorous into a

--cm n-typv iio ae. Teii~~ wafers were two inches in iiamectrI

and IS mils thick and were polished on both sides. The samples were prepared

at the Mi1cro-Electronics ?reduction Laborator-i at Hugh-es Aircraft Co-.Ian-: in

Carlsbad. The wafers were initially prefurnaced cleaned in a 50,50 mi:xture

of HSO, and H, 0, to remove any oxide on the surface and to take off any wa.:

left from the polishing. The samples were then diffused at K25 in ohosohine

(?H) gYas for 20 minutes with a p.reheat and oost-heat for ten minutes in

.T/..After the rr' deposition, the samoles were hleated at I'COO*C in o)ure

nitrogen for 180 minutes. 7he purpose was tobt etial c-,:vnte n

pho sphorous ions and to diffuse the ;)hoson-,orous i.ons into the 5uik c-_' :'ne

sample and remove the high concentration of ions left on the surf-ace. 7-le

samples were then deglazed in a 10 to I solution of H,O and UF 'or fiv:e

minutes for the purpose or removing any grown Dx--*e .)n the sili-con sur'iice.

The final resistance tf the diffused laver was :. ~ae

The initial wafers had a bow of .'. 1-1 -ais ind a tner of ). '3 iio

icross the t-wo inch diameter. Thne processed wafer3 were icri Dtc ind;

-flto ATPR samvle sizes f,- i.50 x 300 mils. Alun'UM ;'t;aers were lp a

2.aorated onto two *:orners ); the _3_*to_'n anOr.nine- CilimerK:nu

3oot3 were evaporated between t.he t.we corners. 71he 34ilfoon -wafer3wes

mounted with louble backed tape onto Dptiaa l flats "ti.k

,iIcon d'e mounted ;n the oDpticaL fl:at as t.he: -were 7cmpres;sed .-......

'iase of -the prism bowing of t-he wafer wculd take K.1ace when ".e

:o)rners )f th"e Lbe were rooted wihaluminum. ,.mser,ient_-.. ,"e :

..e -20nil Jiamerer ;pot~s acr-); tie ntr' i-:.
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significantlv and allowed a reasonably uniform air gap to extat tetween t"e

prism base and the silicon.

S. xperimental Measurements and Data Analysis

initial investigations of the optical properties of n silicon were done

by measuring the near normal incidence reflectivity of silicon versus gold.

These measurements were not absolute but were done for the purpose of finding

the plasma edge and minimum. The minimum appeared to be at , .5 and conse-

quently ATR spectrum runs were performed in the range of 2 to 9 .%77

measurements were performed by measuring the ratio of the reflected intensit:

of D-polarized light (.R ) with the sample pressed against the ATR prism to

that with the sample removed. The Otto ATR method of exciting surface Dlasmon

modes was used where the surface plasmon was for an air-Si interface.

A Ca.-, rism (57.1' - 65.6[apexj - 57.3 ° ) was used for all measurements:

.1as an average index or 1.,5 and it transmits ,out to microns. -he rsm

base was flat to greater than a tenth of a wave (0.5461 '9 and the uniformit:

DI the air gap was determined by viewing Newton interference fringes for

angles less than the critical angle and by viewing the iurface plasmon resonance

Df aluminum which appears in the visible spectrum for angles areater t-an the

-ritical angle, uniformitv of this :olor absorption was ad-usted. _o ; in:-

formitv a: the air zaD across the whole silicon surface was impossible :) -btnin

ie t s natural :cw; consequent v, the input bean -,as ,asked to

i-proximateiy uniform section. Due to this bowing orn.em, uniform rur

i-u1: be obtaineu nv f:rr imall soacings et'ween -he sJicon 3anr-c::

tne -rism 'ase. The probable reason for thi- reduct,n - , win atn i ma

inaci:gs is -hat both iigh 7oints :n the ;ilicon anc :ut ;art:.';

.resent between the oriam base and i 9oon wurifae "vhf h aict: as ao ,r.

I I I Il I . ..=. . . .



The -lobar light source was focused down (beam aivergence - 3') and

-pcizal alignment of the beam could be seen by viewing the output beam of

the prism assembly with a mirror. The reflection spectra were taken ;n a

Perkin Elmer model 301 far infrared spectrometer operated in a single beam

mode with the addition of appropriate gratings and filters. The 13 cps zhopped

signal from the thermocouple detector was digitized and then computer averaged.

The wire grid polarizer was placed in the p-polar'zing pcsition and placed

before the input beam to the orism.

C. Cotical Constants and ATR Curve Fitting

The ATR reflection spectra were taken at room temperature and displaved

4n Figs. I and 2. The spectra are plotted as nor-a'lzed refectivttv ratio

R versus wavelength where the data points are -orrected for the effects :f
P

the aluminum soacers. The optical properties _f the n- s*llon ;ere Ieternined

by doing a least squares curve fit 3f he Irude -araneters N'n* anu -, and the

ar zap d. The high frequency dielectric .c-nstant £ in the Drude mo1e!

Eq. () was taken to be equal to £ 11.7 the dielectr4: 'constant of silioon

at zero :requenc 7 in the absence of free zarriers. Since s.licon -s aoncpeir,

the dielectric constant -f silicon 4s equal to £ in the absence o: :ree

:arriers from zero frequencv up to the first interband transttion. :--e ieetr:

:-nstant - 1.7 was determined by Salzber; an " illa ,n measuriu:g he

re:ract;-ve index of a orism made of single : 3a. s S:I .e trZ

:nnstant i'so agrees with the value measured at. Vi. frecutnci n :ntn::m :

,io-ccn ov Dunlap and '.alters.7

.ne oarameters ia and - were varie. ilong n te air 1 t t

:-he best fit least squares par-neter "efinec as

* -i - tnecr-; 0

n n [ inmnn . . . . . • i " .. .
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where the sum over i is for all data points and M is the total number _f

3
data points. The curve fitting program was based cn zhoosing an air gap 

and finding the parameters N/m* and 7 which had a best fit of the measured

reflection. The air gap d is used almost like an independent parameter, that

is, for a particular d the best fit parameters are determined, then a is

varied and a set of new best fit parameters is determined and the total set

with the smallest f is chosen as the best fit. T-he total perzentage area

aluminum covering the silicon was 7.6 - 2.7%. The input beam was masked to

hit only the uniform air gap area, and it was impossible to measure exactl:

the total area of aluminum that was blocking the beam from hitting the silicon.

Therefore, the ATR computer calculations were calculated for different

percentages of aluminum present within the 2.7% change as given abcve; and the

best fit was determined by the lowest least scuares 'eviation. The best f::

Drude reflectivicies are Plotted on the same ;ra-)hs -s t.he reflectivit'. ,' ata.
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RESULTS AND DISCUSSIN

A. ,Totical Prooerties

The Drude free electron model of the dielectric function fits saris-

factorilv to the ATR soectra curves as shown in .'igs. I and 2. The exoeri-

mental error is relatively large due to the bowing of the silicon chip and

the need to add the extra aluminum spacer nads. The deviation in the rec-In

of the minimum for the curve fi: in 7ig. 2 is possiblv indicative ft=e need

to include a frequency dependent collisicn time. A similar deviation was

9obtained by Kukharskii and Suboshiev when they curve fitted a Drude model'

to n silicon. They corrected this deviation by using a frecuenc-! decendent

relaxation time. There exists other oroblerns in this tart of the spectral

region where the Drude model should be corrected. Nameily, as shnc 'aizber4

6
and Villa, £ increases from '- 11.7 at 6 - to 1 -1.32 at 2.5 '. This is duo

to the dispersion of the index of refraction when :he band edge is aooric;;d.

SPitzer and Fan -0 have shown that this is a small absorpticn band in the

range of 1.5 to 5 _ which is dependent on carrier zcncentration. >crrecti.ns

ror ,these effects were not included due :o the relatively .are e

error and in :he regicn -- the region ".where :he surface nia.ncn

te :urve fizs were gcod enough ono should aczurntei- renrcuuce t"e surrac<

:i.asmon response.

The experimentaiv.. iecet-:ed .r'do :ree :arrior rete7 ar,.

7aale al'o;ng with te tioai obil:.. = r n m d the *- 'trrt tarrier

c:.ncentration N . The a'eta.. iccurCv' a: this least 3u-res itti:: -, .

n e a*een ov viewi.ng -4. 3 " ere ,.2nch -.rme a r-n".ir,

" m the aest wnin .s at-o t3 1 . '- ea2.O

9 3
- e, n "wa :4 eter neo ...... a .,easur-,e.nt e. Zc -i -,
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I.32 < I10 3 -cm) and using th7esisti !ity versusipuiy:err n

listed in Sze: this agreement is reasonable and :he i4 ffer~nce

due to dierenc samule mobilities. Kukharskii ind Suboshiev. obtoconec a

relaxation time of lI1.27 < 10- L e5 SEfr an n-cype silico)n )f carrier

i9 3concentration 5.5 x 1O0 c/cm . They also obtained a .,alue Dr 2.11

whien is in agreement with the present results.

B. Dispersion Analvsis

The value of j7= 2.69 as determined .'rcm :he Drude -)ncical na).raneters
p

(Table 1), shows that the sur-face plIasmon resonance or 7:- sili:con is facru'

nighly damped. 7'he complex frequenc.'- real wavevector solutions -hte

:heoretica. dispersion our-ie E7c. (1) is shown in Fzigs. 4 f an 3.0eon.c

zrequen-.: s3olutiojns exhibit the standard behavior of thIe iurface 7jsm c q

resonance: namelv, -.- uand =. /Z-l' as the wavevectcr ~

T he ATP. surface r-lasmon iisnersion curve is :Ounu-v o.-cttino4 to"e a

ind wav.ev;ector at to-e minimum ret.2ectivitv-, point in to-e AIR? spect:ru. 7- Ie

Am inimum no0int --s taken v4hen th-e reflectivrit-! of n-'7olarized iont is

-"-he gYeneral oonmnuter :rocedure '-as c:)een -oreviojUs'-,' oxo)ainec.' MOU -"e

results 3f --he na'isare :nown Tnable -;I otostn

"act is to e angle oP inz> ,- resrect to:te Drison -ase, 'sLrs .

wa'.eiengrh it -- e mf.oi4nurin ~or .2 set to longer y' n~siu~o

.-n.OC is -:Ir '--e~ ' ".;u'1:. :e '-as-, .oourn sr -n ~ -'I'-e

~~veecto *7era'>': o' e "rs n*ote

- ~ _i -li Z a o tct~rt1

~r;~ ~*.'uvi otto 'ho .:n 7 7

'11: Ice- n.o>;Ti.2Oi> 7U-:20ito': ;y .



light line and then back-bends going into Brewster modes where k ,

Therefore, the ATIR determined dispersion shows no resonance as is achieved

by the theoretical dispersion relationship. Since - = 2.69, :here is no
P

physical explanation why there is no resonance present in the ATR dispersion

curve obtained using real frequencies. Consequently the only true coupling

to the surface plasmon resonance of n+ silicon will occur by probing the

complex k resronse which is experimentally achieved by fixing the excitation

frequency and by varying the angle of incidence. The complex " response

measurements will only allow moderate coupling which is achieved by riding

on the ridges and valleys of the surface plasmon excitation in the real

frequency plane.



17. ATR UNALYSIS :N~ THE CCHPLM FRRECC' F - E A2I

CO TLX FREQUENCY OPTICAL ?RCPERI'IES OF N-4- S=LCON

Due to the discrepancy between the theoretical damped surface ?Iasmcn

dispersion relationship which shows a definite resonance, and the AT. minima

dispersion curve which shows back-bending which is calculated using real

frequency dependent iptical constants, an approach was made to calculate the

AM? reflection spectrum in the complex frequency ?lane. :n order to calzu-

late the AT?. spectrum in the complex frequency plane, the otical constants

of the surface active medium and the Fresnel reflectance coefficient must b e

redefined to be functions of complex frequency. Since the frequency is

complex, then the real :z, (-,) and inmagina77 pc') arts :f he deet

function~s are thenselves complex as giveni by

where

where is the -crnlex frequenc-. deRned by -f cn - u,-s-ut

Zas. ( ; and c into Zq. (- ) and regroup :.nto re a ind :mazin~ir-? 7ar--s

Dne obtains

=Re Z,2-I ~ -LR -,2 n

Now ;s ing the 3 tandard def iition a )and a :.c c ecual. - n .. reai.

md imagiar7 parts Af the diel.ectric function res ectiwe!7 : ise i7 V.

A we 4bt0i

7= 23, .



3v redefJining th*e J ielectriz 'n~. :his ';v -je _ nw :nat

eff:ect 04 the jrorn7exN frea uEnc 4- : a mi:- the j 1d r ei - onsni n

7'nac is, now the real :)art of the dielectric function. is affcC~d DX

through i:3 imaginar-.- :art. Also by the definition of the zcmlex frecuc!nc-';

that as a 0,the i-maginar-. ?arts of ( and &u)both go :o zer.o ano

,we nave the origiai relationship in- the real frequenc-.,; oane. *onte

dialaccric2 f unction as o4efined in 7qs. (,)) a-nd .3b ,we -an a;se :-e soc

relationshi:rs : ee me )ocical constants n and k ana tne 'Ie-Ct : urc-

cion £(2and .- i~ :: he ccmoiex frecuencv njLane which Is

n (7,,' ~ a)

nsecuenma;. tne zcmplex ,fc: rerract o Cne 7eun N

7ilntI~na: - mnhiex mrer:uenc,: :ana a es r -' '".D mae

acam:- t n the :znoiex iscuc :.n.cne a:rchna

-en. ef'ecttjn acefmcient r is:or~ie' -

h,, ro~., ~ .,cos. ~ *:s- .

-.here -s -,he mam-,niex inid ex c: refractta n a:h iur ice t>' can

nthsre s34-iian, and -;S is he ccn nl ,X infe 7e:: 'I 7

material b)et-4een t:he -nrism ano --ne 3iurfact. acmt4_-e medl.iifltn m.

ase studV.: and ad are zhe incieit and es tr me, i ' i:,_

The hamiLex ff equenc%- _ eneniene t! -he relmd nai(r are m

2.ndex )f refr.ict on --an ii sa 'ne '~nd.iga~i c~. r -a~

.,emhod is nore lif I:'al -ac in, c~~-u- 1

7, t,) 7 -7 ) "a
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N = n + ik (9a)

where

n n(wl,W 2) = Re n - Im k (9b)

k k(s, 2 ) - Re k + Im n (9c)

Implementing this procedure, the optical constants of n+ silicon were

expressed as functions of complex frequency and used to calculate the ATR dis-

persion curve. The calculations were done by using a high speed computer pro-

8gram. The general procedure was to first obtain a set of ;I and w2 values as

determined from calculating the complex frequency - real wavevector dispersion

curve (Eq. (1)]; that is, by solving the imaginary part of the dispersion

relationship a value for w2 was obtained for each w, value. This set of wi and

W2 values was used to calculate the real and imaginary parts of C1 and E2 from

Eqs. (2) and (4); and then using these values in Eqs. (6a) and (6b) to obtain

-1(wi, 2) and C2 (W1 , 2 ); which then are used in Eqs. (7a) and (7b) to obtain

the complex frequency dependent optical constants. These complex frequency

optical constants and Fresnel reflection coefficients were used to calculate

the AR dispersion curve in the same way as done in the real frequency spectrum;

but now the ATR minimum is found by fixing the angle of incidence and by

scanning through w1 the real part of the surface plasmon frequency.4

The ATR dispersion curve minima are plotted in Fig. 6 along with the damped

surface plasmon dispersion curve. There is no discrepancy between the ATR

dispersion curve calculated in complex frequency plane and the theoretical

dispersion curve. The complex frequency ATR analysis shows a de 4.nite

resonance. The error bars indicate the range of uncertainty that the ATR

minima were obtained. The deviation at lower values of wavevector is due to

the way that the ATR dispersion curve was generated, that is, with fixing the

angle of incidence and varying the frequency of the input light. This type of

ATR analysis tends to ride along valleys or ridges of the dispersion at lower
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wavevectors.

Using the complex frequency dependent dielectric function
I the surface

plasmon obeys the following resonance condition:

(W, 2  - 1

where

S i(Wi,2)= Re e1 - Im P2 = - I

E2($W2 Re e, + Im a - 0 .(l01

The real and imaginary parts of the complex frequency dependent Drude dielec-

tric function is shown in Figs. 7 and 8. As can be readily seen, the deviation

of the real and imaginary parts of the dielectric function becomes large near

the surface plasmon resonance point. In Table III there is a comparison of

the values of the real part of £() which is a function of complex frequency

and c1(w) calculated from Drude model for real frequencies. As can be seen

from Table III, the difference in the region close to the surface plasmon

resonance ( = 6.66 .O is quite large. The wavevector solutions of the surface

plasmon dispersion relationship [Eq. Wl)] in the region between E(W) - -1 and

EM = 0 are imaginary and are not surface modes in the fact that they are

uncoupled modes between the incident light and the surface active medium.

The complex frequency dielectric functions shown in Figs. 7 and 8 have

extrapolated lines covering this region. Also in the region close to £G) = -l

the complex w solutions are very difficult to obtain due to the nature of the

resonance, that is, the solutions occur in a very narrow valley with a step

fall-off on both sides of the valley and can be easily missed by the computer

8
procedure. The surface plasmon resonance point was determined and is marked

by an X on the dielectric function plots.

In Table IV a comparison is made of the dielectric functions obtained

for real and complex frequency. The dielectric functions approach one another
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at high frequencies and deviate the largest in the area of the surface

plasmon resonance. Solutions are shown in the regions where E(w) > 0 and

E() < -1; where for e(w) > 0 the dispersion analysis yields solutions for

Brewster1 3 modes, and for E() < -1 solutions are surface polariton modes

(Fano modes).13 The surface plasmon resonance occurs when wl - w and

2 - -1/2T where r is the electron relaxation time. Solutions for the

Brewster modes13 show that the bulk plasmon frequency is also complex and

occurs at .I w and w2 1-/2T.
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V. CONCLUSIONS

It can be concluded from analyzing the surface plasmon of n+ silicon

that the dispersion relationship obtained from plotting the AR minima obtained

in the real frequency plane does not exhibit the surface plasma resonance;

whereas the theoretical dispersion relationship yields the resonance.

Consequently, for this n+* silicon material which has a relatively high

damping the surface plasmon will not exhibit a resonance in the real frequency

spectrum when coupling is performed using the ATR experimental technique of

fixing incident angle and varying frequency. By using the complex frequency

analysis either through the theoretical dispersion relationship or using

our developed complex frequency dependent optical constants and analyzing the

ATR minima in the complex frequency plane the location of the complex

frequency resonance can be obtained.

A comparison of the real and imaginary parts of the Drude dielectric

function for n+- silicon for both real and complex frequencies shows that

they numerically deviate the largest in the area of the surface plasmon and

approach one another in value at high frequencies.
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Figure Captions

Fig. 1. Normalized ATR reflection spectrum of n+ silicon plotted as

normalized p-polarized reflectivity versus wavelength. Solid

points are the data points corrected for effects of the aluminum

spacers. Solid curve is the best fit least squares curve with

the best fit parameters shown in the blocked region. Shown in

the insert is the ATR geometry used with the angle of incidence

of the input beam is 5 degrees.

Fig. 2. Normalized ATR reflection spectrum of n+ silicon plotted as

nor-malized p-polarized reflectivity versus wavelength. Solid

points are the data points corrected for effects of the aluminum

spacers. Solid curve is the best fit least squares curve with

the best fit parameters shown in the blocked region. Shown in

the insert is the ATR geometry used with the angle of incidence

of the input beam is ) degrees.

Fig. 3. ATR reflectivity spectrum of n+ silicon where each of the best

fit parameters 7, N/m*, and d are changed to 15% higher values.

Fig. 4. Theoretical dispersion curve !Eq. (1)] of the surface plasmon of

n+ silicon plotted as the real part of the complex energy Aiw1

versus real wavevector k, . Also shown is the light line (k - w/c)

along with the enet67 wavevector light line (dashed line) generated

by the ATR configuration shown in Fig. 2. The theoretical disper-

sion curve is plotted from the parameters given in Table I.

Fig. 5. Imaginary part of the complex energy (Aw,) versus real wavevector

for the surface plasmon of nr silicon.
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Fig. 6. Same diagram as in Fig. 4 with the inclusion of the ATR minima

points calculated using the complex frequency dependent dielectric

functions as defined in Eq. (4). Error bars show the range within

which the minima were determined.

Fig. 7. Real and imaginary parts of complex frequency dependent e versus

wavelength for n+ silicon; where E,(wl, w,) = Re c + i Im S, and

is not redefined as in Eq. (4) and where L I  2c/W1.

Fig. 8. Real and imaginary parts of complex frequency dependent C', versus

wavelengths for n+ silicon; where E,(wI, W Re e + i Im C, and
2 2' Re 2 + Ii 2 an

is not redefined as in Eq. (4) and where L 2',Tc/wi .

&.V



TABLE I. Experimentally Determined Drude Free Carrier Parameters for n+

Silicon

N/m* N
E (1) .opt.

w (x 10 20 e/cm ) (x 10- 15 sec) m* C2 )  (× 1019 e/era3  (cm2/V-sec)

11.7 3.58 8.62 0.26 9.31 58.3

(1) Input parameter for calculation

(2) Fraction of electron rest mass obtained from Spitzer and Fan.I 0
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7ABLE II. Analysis of AT Calculated Dispersion Curve for n+ Silicon

AO( 2 )  L D (,
i exp /k (5)

(degrees) (microns) (microns) (× 104 cm- ) H o

23.8 468.9 400.9 1.35 x 10 2 1.00886

47.4 1074.4 11.4 1.08 × 10 2 1.839

49.2 1164.6 10.97 1.02 x 102 1.894

53.1 1376.7 10.34 9.126 x 10 - 3  1.9997

57.1 1685.4 i0.11 7.825 x 10- 3  2.099

61.08 2117.5 10.24 6.493 x 10- 3  2.188

66.88 3195.7 11.182 4.519 x 10- 3  2.279

(1) Input Drude parameters: E = 11.7, T = 5.62 x 10 - 15 sec, N/m* =

20
3.58 x 10

(2) Angle of incidence with respect to the prism base where n = 2.5.
P

(3) L and D are the wavelength at the minimum and the air gap respectivity
o a

to obtain a n-polarized reflectivity of 90%.

(4) -his is the experimental wavevector at the minimum where 'KXp =

4 n sin(AO).
L 0p

(5) This is the ratio of the experimental wavevector to the wavevect:r Df

'ight (k = Wic = 2/L ).0 0



TABLE III. Comparison of the Real Part of the Complex w Dielectric Functions

e.(w) and z,(w) versus the Dielectric Function for Real Frequency

el (2) El ) (3) E(3)()(5

L() ()  Re E ) Re c2 (4 ) (..w(

2 10.4351 10.4351 0 0.155894 0.155894 0

3 8.90629 8.90623 0.00006 0.516462 0.516484 0.00002

4 6.85904 6.85776 0.001 1.19291 1.19358 0.0007

5 4.39286 4.37016 0.023 2.2433 2.25844 0.015

5.5 3.09752 2.98949 0.108 2.87194 2.95223 0.080

5.9 2.31265 1.82975 0.419 3.20381 3.5886 0.385

6.66 0.229251 -0.486703 0.716 4.34137 5.00156 0.660

6.7 0.0409945 -0.612146 0.653 4.4751 5.08339 0.608

6.8 -0.43728 -0.927106 0.4898 4.8232 5.29124 0. 68

7 -1.28267 -1.56256 0.2799 5.44094 5.72098 0.280

7.5 -3.06521 -3.1795 0.114 6.75068 6.87692 0.126

8.5 -6.46159 -6.50066 0.039 9.48172 9.53347 0.052

9 -8.15995 -8.18639 0.026 10.990 11.0292 0.039

10 -1i.5531 -11.5672 0.014 14.3139 14.338 .024

11 -16.5556 -16.5623 0.007 20.0136 20.0286 0.015

(!) Wavelength of the incident light in microns and for the complex frequencies

is L = 27c/W ! .

(2) Real part of the complex dielectric function () £ i ') -

E1(wit e= E I + i Im

(3) Iz Re s (W ) - El(w')l where and w, are the real and imaginar-7

parts of the complex frequency w, and w' is the real frequency.

(4) Imaginary part of the complex dielectric function &.(G) = (

(w,2 ) 
= Re s2 7im 2 •

(5) = Re r2(i, 2 -W .('')I



TABLE -. Comparison of the Drude Dielectric Function as a Function of Real

and Complex Frequencies

L ( U VI i )  C Z ()  ( 3 ) 2 ) (4 ) 2 1 ) (5 )

2 10.4351 10.4343 0.155894 0.154233

3 8.9062 8.90199 0.516484 0.501147

4 6.85776 6.82434 1.19358 1.10091

5 4.37016 4.16524 2.25844 1.76509

5.5 2.98949 2.50169 2.95223 1.73513

5.9 1.82975 0.91369 3.5686 0.67388

6.66 -0.486703 -1.91911 5.00156 0.90968

6.7 -0.612146 -2.04816 5.08339 1.17191

6.8 -0.927106 -2.32911 5.29124 1.90725

7 -1.56256 -2.82691 5.72098 3.16219

7.5 -3.1795 -4.216 6.87692 5.19277

3.5 -6.50066 -7.33573 9.53347 3.46068

9 -8.18639 -8.96977 11.0292 I10.1071

10 -11.5672 -12.2899 14.338 13.606

i -16.5623 -15.6069 20.0286 17.4264

(1) Wavelength in microns for the real frequency )' and for complex

reuency L = 2c/ .

(2) Real part of dielectric function as a function of real frequency."

(3) Real part of dielectric function as a function of complex frequency,

"i + iw, as defined in Eq. (4), that is, c. ) ,  .

(4) Imaginary part of dielectric function as a function of real frequency '

(5) imaginary part of dielectric function as a function of complex frequency

W 1 + iw2 as defined in Eq. (4), that is, :,(w) = going, .Q.
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Optical Measurements of the Surface Plasmon of Copper

P. F. Robusto' and R. Braunstein

Department of Physics, University of California, Los Angeles, California 90024

The optical properties of the noble metal copper were

determined by computer fitting the experimentally obtained attenu-

ated total internal reflection (ATR) spectra of its surface plasmon

in the visible spectral region (0.42 'u to 0.63 -,). The dispersion

curves of the surface plasmon resonance of copper were determined;

they show that the resonance exists an the sctep absorption

edge of Z, at 2.16 eV. This absorotion edge, which is due to :he

d-band to Fermi level transition, causes the :arge shift in :he loca-

tion of the surface plasmon excitation from ( ) * -. to c,.s

-4.7 and causes the true resonance to occur in the complex frequenc-:

plane.



Optische Messungen des Oberfldchen-Plasmons von Kupfer*

P.F. Robusto und R. Braunstein'
Physik-Abteilung, University of California, Los Angeles, California 90024

Die optischen Eigenschaften des Edelmetalls Kupfer wurden festgelegt,
indem die experimentell erhaltenen, abgeschw~chten inneren Totalireflexions-
Spektra (ATR, abgeschwdchte Totaireflexion) dessen Oberfl~chen-Plasmons durch

Computer in den sichtbaren Spektralbereich angepa~t (0,42 p bis 0,63 pi) wur-
den. 'Die Dispersionskurven der Oberflchen-Plasmonresonanz von Kupfer wurden

bestimmt; sie zeigen, daG an der steilen Absorptionskante von eResonanz bei

2,16 eV vorhanden 1st. Diese Absorptionskante, die auf den Obergang vom
d-Band zum Fermi-Niveau zur~ckzufUhren 1st, bewirkt die groL~e Verschiebung in

der Lage der Oberflldchen-Plasmonanregung von e I (WS) =-1 auf el (ws) = -4,7
und bewirkt, dag die echte Resonanz in der komplexen Frequenzebene auftritt.
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I. INTRODUCTION

The optical constants of copper have been measured since the time of

Drude. Copper is known to exhibit interband transitions throughout the iisible

region of the spectrum starting with a d-band to Fermi level transition at

- 2.1 eV. However, copper is known not to exhibit a bulk plasma resonance.

-he general explanation of this is that due to the d-staTes the positive

b
contribution of the bound part of the dielectric function EI comes in a

frequency region where the negative contribution of the free electron part

of the dielectric function is of too large a magnitude for EI to reach

zero. It is the aim of this study to determine the optical properties of

copper using attenuated total internal reflection (ATR) techniques I ', and to

determine if a surface plasmon resonance exists in :he visible region.

Section 1I contains the experimental details of sample preparation and

surface plasmon resonance measurements and analysis. In Section -II we give

the results of the optical measurements, nameiv the optical oroperties of

copper and the dispersion of its surface plasmon. This study is concluded

with a summarf in Section IV.
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I1. EXPERLMENT

A. Sample Preparation

The copper films were prepared by thermal evaporation in a high vacuum

deposition system. All films were prepared on the same day that the experi-

mental measurements were performed, so as to reduce the effects of oxide forming

on the surface. The deposition was done from an AI33 coated evaporation boat
23

with 99.999% pure copper. -he evaporation was performed in a diffusion pumped

liquid nitrogen trapped deposition system -with the pressure prior to growth ap-

proximately 2 torr. The substrates were fused silica front surface marror

substrates (7.75 mm diameter × 4.00 mm) polished to better than l,'10 wave

flatness at 0.3461 ,; over the center 6 mm portion. The deposition rate was

150 Angstroms/minute and was monitored during evaporation with a Sloan Omni ILA

rate and thickness monitor. The total thickness of the Cu films was 3000

Angstroms as measured by a Sloan Angstrometer . -he prepared films had a

bright metallic luster and visually appeared to be ootically smooth and homo-

genous.

3. Exoerimental Measurements

The Otto ATR method ' 2 of excitini surface plasmons was used where the

surface plasmon was for an air-Cu interface. The ATIR measurements were per-

formed py measuring the ratio of the intensities of p-polarized light (R

to :hat of s-polarized light (R) -with the sample pressed against the base

if the ATR prism and normalized to the reflectivitv with the sample removed.

The prism used for optical measurements was a (45.0* - 89.9* 'apex; - -5.1'

light flint prism which was flat to greater than a tenth of a wave at ,. > .

The air gap was obtained by using either evanorated spacers )r natural iust

particles. The uniformity of the air 4ap was adlusted by coset-ving the



uniformity of the surface plasmon resonance of copper at angles greater than

:he critical angle of total internal reflection. Beautiful colors of red,

green, and blue could be visually seen for p-polarized light depending on the

viewing angle and the air gap thickness. These colors could be seen for the

largest viewing angle possible, therefore indicating :he wave-vector divergence

of the resonance condition. At angles less than the critical angle, N:ewton

interference colors were not visible due to the smallness of the air gap used

(d 1, 1000 A). The reflection spectra were taken on a Parkin Elmer model 301

far infrared spectrometer modified to operate in the single beam mode in the

visible with the addition of 1440 lines/mm grating, appropriate filters, and

use of tungsten light source and E.M.I. photonultiplier no. 9592B. The data

collection system consisted of locking in on the 13 cps chopped signal with a

PAR model 124A Lock-In Amplifier. T'he data were digitized and punched on paper

tape and a ?P 11/120 computer averaged the data and generated a plot of normal-

ized reflectivity versus wavelength. A digital zontroller was used to sequence

stepping motor changes for both polarizations and for stepping the wavelength

drive through the visible spectrum. 3All experimental data were obtained by

fi-cing the angle of incidence of the input light and by varying its frequency;

that is, the complex frequency behavior of the surface plasma resonance was

anaiyzed.

C. Ontical Constant Determination

The ATR experiments were performed with a constant air gap and incident

angle; the ref lectivitz ratio (R ,'R s) was measured as a function of wave-

length. All optical measurements were taken at room temperature anc are

plotted as normalized reflecti';it7 ratio (R.) versus wavelength, as .hcwn

in Figs. I and 2

7o theoretical curve fit an experi~nentai .V:R zur-;e :he wavelength

dependent ovtizal constants n and K need t-be determined along with :ne

wavelength .,ndependent air iap 1. For each AT. 37pectrum the wavelength
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dependent normalized reflectivity ratio IR R ) was measured -i'ing us "ne
Ps

set of values for 7o unknown wavelength deDendent values n and k) and

wavelength independent value of d. Consecuentiv, it is impossible to deterMine

the optical constants and the air gap directly from the experimentaily otained

data. The method that was chosen was to use the experimentallv determined

optical constant k obtaiftd-in-_he spectral region of 0.44 , to 0.55 ' by

L. G. Schultz. He obtained accurate values of k from norm'al incidence trans-

mission measurements, which is more sensitive for determining k values than

reflectance measurements. The spectral region of 0.44 ' to 0.55 2 was chosen

for two reasons, the first being that the relative change of k is nearly fla:

on the low energy side and slopes off slightly on the high energy side; the

second being that this region is at higher energy than the surface olasmon

minimum and therefore will have a small effect on the optical constants ceter-

mined in this region.

The optical constants in the 0.44 , to 0.55 - region were determined

using Schultz's4 k values and the exDerimental>v obtained R "R values for two

experimental curves. The procedure used was to nick an arbitrary air *aiue d,

for experimental curve i and then to calculate from the R ?R values and '0 5

values a set of n values. ',ith this set of - and k values, -u-7e 2 was com-

puted and compared to the experimental :urve. The air gap for the second

curve d, was varied until an optimum fit was obtained. This orocedure was rer-

formed several times by var-ing the air gap 1, until the best t :or :ur-e

was obtained. -he k values of Schultz were accurate tc ano theref:.re

they were varied within this range to optimize the fit. Once this nrcredure

was completed, a set of n ind k values was determined for the spectral- rane

0.44 u to 0.55 u, and the best fi air gars 1. and d, -were determ-ined. 7-e

final stepping interval for d was .5 Ancqtroms whereas the n values were

determined to 0.0002 for each curve. Once the iir saps 5. and 64 wore derr::eu,



the experimental reflectance data could be used di-rec:.v to obtain both . and

in the surface plasmon region. The procedure *or this region was to pick a

k value and to find the set of n values which would fit the experimental curves.

The constraint used in this Dart of the spectral range was that the k values

should varv smoothly in this interval and that the error be di'splaved i-n the n

values. The reason for this will be explained in cne results section. Computer

3
programs were written using the Fresnel reflection coefficients and the three

medium multilaver reflectance formula to theoret4cal>v zomputer fit :he

experimental data. The computer fits are shc,.n by x's on the same graphs as

the reflectivitv data in rigs. i and 2.
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!I,. RESULTS OF THE OPTICAL Y-rASURD!E1TS OF THE SURFACE PLASMON OF COPPER

A. Ontical Properties

The ATR determined optical constants n and k are shown in Figs. 3 and 4,

while the dielectric functions I(w) and 2(w are shown in Figs. 5 and 6

along with the calculated normal incidence refiectivitv in Fig. 7. The error

4n determining the optical constants is difficult to estimate. The average

percentage error in the determined index of refraction as shown in Fig. 3 was

1.38%. The average experimental error was < 1% which gives an error of

2% for the index of refraction values, while an error of 2% in the k

values yields an ', 3.5% error in n. Combining all the error producing terms

yields an approximate error of 8% for the n values and 4% for the k values.

The determined optical constants are quite adeouate :or determining the ooti-

cal properties of the surface plasmon dispersion which is the main purpose of

this investigation. 3 evaluating the imaginarl part of the dielectric

unction t , we obtain a strong absorption edge at 1.15 eV which is attributed

to the d-band to Fermi surface transitions (Z-) and L, (Q + ) - E-_'N.,);

the band nomenclature is due to Mueller and Phillips. The rapid rise in

is due to the flatness of the L3 d-band, which permits a large number if

interband transitions to the Fermi surface within a narrow energy range.

The first peak in ;2 is seen at ', 2.48 eV and corresponds to the transiticn

-) (L)~) These values agree well with those obtained bv 4elkcwsk'

and Braunstein which were 2.18 eV and 2.53 eV.

B. Dispersion Analysis

T'he experimental dispersion of the surface plasmon resonance can "e

seen by noting the shift of the minimum for two different incidence angles

in Figs. 1 and 2. The ATR experimental minima must be corrected for the
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effects of the prism. These effects are essentially eliminated by using only

the minima obtained when the minimum reflectivitv for :-polarized light is

Yreater than - 90%. The dispersion curve for the ATR anai:.'sis is accomplished

by plotting the value of the energy at the minimum of each ATR curve obtained

for different incident angles (different wavevectors k-,) for continuous changes

in the frequency of the incident light. The ATR computed 3 disversion curve

is shown in Fig. 3 where the error bars signify that minima were determined

within 1 10 Angstroms at low values of waveector and Angstrom at high

wavevector points. The dispersion curve shows the characteristic surface

plasmon resonance, that is, ki -: at , - w " The computed and experimental

ATR spectra had less than 10% absorption for s-polarized light as expected

theroetically. The resonance value for the plotted wa,,e vectors is at 2.163 eV.

The energy wavevector light line generated by the prism for :he experimental

runs of Figs. 1 and 2 are shown on the dispersion curve plot in Fig. 8.

The experimental ATR minima shown in rigs. 1 and 2 occur at lower energy:

due to the prism and the large amount of overcoupling (' 75% absorption of

incident light); the minimum is partly governed by the resonance condition

w ( -) -n " which causes the resonance to shift to a frecuency where c, (_) is
p p

more negative. The location of the surface plasmon resonance is shown in the

plots of the optical constants n and k in Figs. 3 and A and on the dielectric

function plots of c and E, in Figs. 5 and 6. In the region of the surface

plasmon resonance, the error bars for determining the index of refraction is

large, as shown in Fig. 3. This error is mainly due to the effects of ver-7

thin oxide layers on the copper surface which cause the resonance condition

to shift. This is the reason why the arbitrary criteria cf fixing the values

of k to lie on a smooth curie was chosen as explained in the previous section

for determining the optical constants. As seen from Fig. 5, the surface plasmcn
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resonance occurs at ) = - 7 which is a large deviation from tne normal

condition e,(w) -1. -is deviation is due to the relatively large value of

4.4 which causes the resonance to be damped and the true resonance

to occur in the complex frequency plane at s( = ) = -1. it should also be5

noticed that the resonance occurs on the steep absorption edge of the d-band

to Fermi level transitions.

Shown in Fig. 7 is the location of the surface plasmon resonance

on the normal incidence reflectivity curve. This resonance should be barely

visible in high resolution normal ircidence reflectivity spectra cn copper

which has a rough surface. The rough surface acts as a grating coupler and

permits coupling between the incident transverse light and longitudinal

surface plasmon resonance.

Steel8 has done a study on the zharaczeristics f the energy icss function

(L) for Au and Ag. He used a Drude-orencz -odel for characterizing the di-

electric functions of Au and A; and varied the free electron plasma frecuencv

and relaxation time and studied their relationship to neaks in the energy loss

function. He determined chat "the presence cf -he absorption band causes the

structure in (L) to change from the single free-electron neak to twc peaks:

a comparativelv weak low-energy peak kLvZ) below the absorption band and also

a strong high-energy peak (HEP) above u '; .here , is the bulk olasma

frequency. The surface plasmon resonance of copper as obtained in this stud':

.s equivalent to the surface plasmon resonance associated with the LZPI as

Aiscussed by Steel: but there is no peak in the energy loss function at these

low energies where the energy loss function for the surface plasmon resonance

is defined at L * -tnt2(£-l)]. The .-oable reason for this is that the

iamping is larger in Cu than it is for both A and Au and that the resonance

.s truly a function of complex frequency. it zan be easil' seen that the

1ccation of the surface niasmon resonance 4n Fig. 7 is in the region of the
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steep drop in normal incidence reflec:ivity. This reflectivicy drop is

normally attributed to copper's interband transition but from this study we

can see that reflectivity drop may also be partially caused by the normal

decrease in reflectivity as the frequency w goes through the surface plasmon

frequency and approaches the bulk plasmon frequency. The existence of the

bulk plasma frequency is still questionable and, if it exists, it will occur

in the complex frequency plane.

It was of interest to see if back-bending of the complex k dispersion

curve occurred. The results of the analysis are shown in Fig. 9 where the

real part of the complex wavevector (k1 ) is plotted versus energy. The plot

of the complex-,w behavior is also shown. It can be seen that the back-bending

of the complex k dispersion curve occurs when the complex-w curve diverges,

therefore having the desired characteristics of the surface plasmon resonance.
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IV. SLU MARY

Experimental results show that the surface plasmon resonance of copper

exists in the visible spectral region at 2.163 eV. The optical properties

of copper have been experimentally determined by ATh methods and used to

calculate the complex frequency dispersion curve which shows the character-

istic wavevector divergence of the surface plasmon resonance, while the zomplex-

k dispersion curve exhibits the characteristic back-bending. The location

of the resonance is on the steep absorption edges of E 2 which is due to the

d-band to Fermi level transitions. These transitions cause the large shift

in the location of the real frequency excitations and for the true resonance

to occur in the complex frequency plane. The color of the noble metal of copDer

may be partially attributed to the steep decrease in reflectivity which is

caused by the normal decrease in reflectivity as the excitation frequency,

goes through the surface plasmon frequency and approaches the bulk plasmon

frequency and to copper's numerous interband transitions. The existence of

the bulk plasma frequency is still questionable and if it exists it will occur

in the complex frequency plane.
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7iure -apions

Fig. i. Attenuated total internal refec:ion spectrum of copper plotted as

the normalized value if the reflectivity ratio (R R) versus wave-

length. Solid points denote the experimental data with a solid line

drawn through them for ciarity. The x's are the computer fitted

values. Shown in the lower left is the best fit air gao value 'd) and

the angle of incidence of the incoming light with respect to the

input side of the prism as shown in the ATR diagram in the insert.

Fig. 2. Attenuated total internal reflection spectrum of copper plottcd as

the normalized value of the reflectivity ratio (R /R ) versus wave-
p s

length. Solid points denote the experimental data with a solid line

drawn through them for ciarity. The x's are the computer fitted

values. Shown in the lower left is the best fit air gar Value 'I)

and the angle of incidence of the incoming light with respect to tne

input side of the prism as shown in the ,TR diagram in the insert.

Fig. 3. Plot of the real part of the refractive index of copper versus wave-

length for the computer fit:ed data of Figs. . and 2. Also shown

is the location of the surface plasmon resonance

Fig. ?. Plot of the imaginary part of the refractive index of conper versus

wavelength for the computer fitted data -if Figs. 1 and 2. Also

shown is the location of the surface plasmon resonance

Fig. 5. Plot of the real part of the dielectric function of :ooer versus wa:e-

length for the computer fitted iata if Figs. I and 2. Also 3hown

is the location of the surface .lasmcn resonance

ig. 6. ?lot of the imaginary part of :he Jielec:rIc function of :egrer :erus

wavelength for the computer fitted data of :rigs. I ana 2. klso

shown is the location )f the iurface Kasmon resonance



Fig. 7. ?Ioc if the calculated normal incidence ref-lctivi:v or copper .sing

the average optical constants obtained from the zcmputer fi::ing if

rigs. . and 2. Also shown is the location of its surface plasmon

resonance (C ) on the steep reflectivity edge.

Fig. S. Dispersion curve of the surface plasmon of copper (solid :ine) for

wavevector k,. Range bars indicate that the minima were determined

within = 10 A for low wavevector and I A for high vialues of wave-

vector. Also shown in the energy-wavevector light line generated oy

the prism for the experimental spectra of Figs. 1 and 2 where the

low wavevector line corresponds to Fig. I and the high wavevectcr

line to Fig. 2. The angle (AO) is with respect to normal to the

prism base.

:ig. 9. Complex-w and compiex-k dispersion curves of :he surface plasmon -r

copper along with a plot of :he energy-wavevector relation for 1i.44t

4n air.
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