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ABSTRACT

Vacuum hot pressing was used to fabricate CdCrZSA,
CdCrZSe and (1-x) CdCr,S, -x CdCr,Se, discs with
diamete%s of 1.25 cm frSm fine powders and small single
crystals to relative densities as high,as 99.6%. Optical
attenuation coefficients of ~ 1.0 cm ~ at.10.6 m were _,
obtained for CdCrZS , and values of 12.1 em~l and 14.9 cm
for the selenide ané sulfer-selenide mixture. Two-and
three-phonon absorption bands were found to limit the
transmission of CdCrS4 at A > 10 pym. Extrinsic absorption
mechanisms caused the higher attenuation coefficients in
- CdCr,Se; and the mixture. The main extrinsic mechanisms at
long“wavelengths were free carrier absorption (in CdCrZSe4)
and an impurity absorption band at 16.3 um due to Cr,0%3. ~
At short wavelengths the attenuation cocefficient was déminated
by scattering from pores and second phases. Free carrier
absorption was found to be induced by free selenium present
" in the starting powders. Suppression of this absorption was
achieved by optimizing the hot-pressing procedure in order
to remove free-selenium. The presence of pores was attributed
to incomplete densification arising from the presence of
- second phases (CdSe and Cr2Se3) and the absence of plastic
deformation as a densification mechanism. Laser .damage.
thresholds of 250 MWem-2 and 100 MWem~2 were measured at
10.6 um for CdCrZS4 and CdCr28e4, respectively.
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I. OBJECTIVES

The chalcogenide spinels are ferro or ferrimagnetic
semiconductors which display large magneto-optical effects
in modest. applied fields and are transparent in the infrared
from about.2 um to 17 vm depending on the specific compound.
The‘phyéical properties. of the chalcogenide spinels have been
reviewed by .Jacobs (1).

The objective of this project was to develop these
materials. for use as -Faraday isolators-at 10.6 um. At the
beginning of. the. project the difficulties which had to be
-bvercome were lack of knowledge~ab§ut»the-intrinsic level of
"opticaluabéorption~to be expected, small crystal size, and
lack .of. information about laser damage thresholds. We
proposed to overcome the.crystal size-problem.by hot-pressing
‘powders rather than using single crystals, and minimizing
optical absorption by the proper choice of pressing para-
-meters.. Laser damage studies were also to be conducted to

evaluate the use of  the materials in high power laser systems.



IT. SUMMARY OF RESULTS

Initially,'C‘dCrZS4 was emphasized in the work
~ because earlier studies showed that hot-pressed samples
of this compound could be produced with optical attenuation

- coefficients of about 1.0 cm-l

, and with'magnetic properties
substantially the same as ‘those obtained in single crystals (1,2).
One of the contributions.of ‘this projeét was to show that an
intrinsic limit to the transmission of CdCrZS4 at 10.6 pm is
imposed by multiphonon transitions associated with reststrahl
vibrations. This work is described in section.5.2.1. of this
. report and 'in technical report 4056-3. This intrinsic limit
corresponds to an attenuation .coefficient of about .3 cm-l
at 10.6 pm.. Hence .state of the art hot-pressed CdCrZS4 is
within a factor of three of the intrinsic limit. . The trans-
mission of an antireflection coated element of the proper
thickness for a Faraday isolator at 10.6 um would thus be 89%.
In addition ‘to being 1imited'in transparency by multi-
phonon transitioms, CdCfZS4'has é‘Curie point of‘about.BOOF,
near to the boiling point of liquid nitrogen. This means that
careful temperature control‘may be needed when CdCr284 is used
as an isolator. On the other hand, the Curie temperature of

CdCrZSe4 is 130°K. Hence cooling with liquid nitrogen is more

‘effective than for the sulfide.



Also the longer wavelength reststrahl of the selenide should
lead to a reduced multiphon absorption at 10.6 m. An extra-
- polation of the intrinsic absorption coefficient of CdCrZSe4

-l 2t .10.6 um. - For these reasons

leads to a value of 0.6 cm
the focus of the project was shifted to CdCrZSeA, as a potenti-
ally better candldate for a Faraday isolator at 10.6 ym. How-
ever, hot-pressed samples of CdCrZSe4 were found to have
attenuation coefficients much greater than the predicted in-
trinsic value, or the value found previously in.single.crystals.
It was. found that this extrinsic attenuation was due to scatter-
ing from pores, free carier absorption and absorption by im-
-ﬁurities such as Cr293. An analysis of. the absorption processes

‘ia hoﬁ-pressed CdCrz'S4 and CdCi:zSe4 is presented in section 5,2,

An extensive study of the densification of powders of
CdCr?_Se4 was undertaken in an effort to-rédﬁce the attenuation
at 10.6 um. ‘This included photoacoustical and x-ray analysis
of the composition of the starting powders as well as x-ray
and infrared analysis of hot-pressed samples. The optical
absorption coefficient of the hot-pressed samples was corre-
lated with density and  impurity content. It was found that
incomplete densification of CdCr,Se,, and hence scattering,
occurred because o0f residual second-phase particles of CdSe
and Cr28e3. Decomposition of CdCrZSe4 was found to occur
during hot pressing. These results are described in detail

in section 5.1.



The alloy (l-x)CdCrZS4. xCdCrZSe4 was also studied
over the compositional range O0<x<l. It was found that
although-the reststrahl edge shifted to longer wavelengths
for increasing values of x, the extrinsic atténuation co-
efficient also increased continuously. . Tﬁe'alloy was found
to consist partially of a solid solution and partially of
- a physical mixture, thus scattering due to index mismatch
and from pores because of incomplete densification undoubtedly
contributed to the increase in attenuation coefficient.

The photoacoustic studies of powders of CdCrzSe4<and
CerZS4 are particularly interesting because they represent
some of the first spectroscopic data ever taken in the in-
frared using this technique. These studies are described
in section VI. |

Laser damage studies were .conducted on hot-pressed
'CdC:ZS4‘and CdCr25e4, using a pulsed Co, laser with a peak
power of about 17 MW (0.7 Joules in a 40 nsec pulse). It was
found that the threshold for- damage at 10.6 um was 250 Micm™ 2

;fornCdC;ZSA and 100 MWcm'2~for CdCr28e4.



IIT. BACKGROUND

-3.1. Properties of 'CdCr,Se, and (l—x)CdCrZSA .x CdCr,Se,

3.1.1 Crystal Structure and Crystal Growth

A. CdCrZSe4

CdCrZSe4 has a spinel structure with a space group
Fd3m(l). The spinel structure is made up of eight face
centered cubic arrangements.of chalcogénide anions with
96 interstices, of which 64 are octahedral sites and 32
tetrahedral sites; of these only 24 are occupied by diva-
lent . and trivalent cationms.

There are'three basic types of spinel structures(3):

1. normal

2. inverse

3. random.
As will be seen later, the type of structure has a large
effect on the electrical,; optical and magnetic properties.
In 4 normal spinel all of the divalent cations occupy the
tetrahedral sites and all of the trivalent cations occupy

‘the octahedral sites as shown in the general chemical

formula
(a1%(B,1° %

where t = tetrahedral, o = octahedral, and ¢ = cubic
close packed site. The inverse spinel has all of the

divalent cations at the octahedral sites with one half



of the trivalent cations in the tetrahedral sites and
one half in the octahedral sites as shown in the general

chemical formula:
(1% (4 B°X]

The random spinel structure has a distribution of catiouns
at the octahedral and tetrahedral sites as shown in the

general chemical formula:

t o.C
[A1/382/31 718,384 /30 Xy

The type‘of structure is determined by the site
‘preference‘ene;gy of the cations(3, 4, 3). Table 3.1
1istsAdctéhedral and tetrahedral site preference energies
of metal cations in oxide spinels. These same
energies can also be used as an upper limit in chalco-
genide spinels due to the larger -anionic radius.

CdCr,Se, -‘has a normal spinel structure with all
the Cd2+ ions at ﬁhe tetrahedral sites and all the Cr3+
- ions at the octahedral sites, Pigure 3.1. A perfect spinel
structure would have the structure parameter u equal to
0.375, but in most materials it deviates from 0.375. The
deviation is an indication of a distortion of the cubic

close packing induced by the cations, i.e:‘ottéhedrally



TABLE 3.1. OCTAHEDRAL SITE PREFERENCE ENERGY OF SOME TRANSITION
METAL CATIONS IN THE SPINEL STRUCTURE (4).

10N | OCTAHEDRAL SITE PREFERENCE ENERGY™
Kcal/g at.wt.

Zn2+ - -31.6
cu?t | 0.1
niZt 9.0
Cozf —16.5
Fe2+ _ | - 9.9
et N | -13.3
Mn2+ : | ;14.7
Mn 3t | 3.1
ce3t 16.6
ca®* | - | 229.1
It - ~40.2
Gadt - | o -15.4

*Negative values indicate that the ion is unstable at the octahedral site.



Figpre 3.k
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Idealized spinel structure showing
anions in a cubic closest-packed array,
cations A and B in tetrahedral and
octahedral sites respectively (adopted
from € 7).



coordinated cations are displaced along the [111] direction
(6). In .CdCr,Se, the wu-parameter is slighlty larger
than 0.375, - u=0.390. The lattice parameter of materials
with a spinel structure is determined mainly by the packing
of the anions since the cations are much smailér.than the
énions and occupy the interstitial sites. The physical
properties of CdCr?_Se4 are listed in Table 3.2.
Single crystals of CdCrZSe4 have been grown by
liquid transport(S, 9, 10) wvapor-liquid transport(ll),.
vapor transport(l2), and flux growth(l3). The largest
single crystals grown to dateiﬁave been l-4mm on the side
'in a period of one week by'ﬁhe liquid transport méthod.
Chemicalzvapor:depositing (CVD). has‘also'been-atteﬁpted at RCA
Laboratories, however only.small single crystals were grown(l4).
The kinetics of growth are apparently very slow and a
saturation point is reached. Powdéers up to 100um on the
side have also been grown by a solid state reaction of
CdSe and Cr28e3 and/or the individual elements in a
selenium atmosphere. The phase diagram of the CdSe-
Cr25e3 pseudo binary system is'shown in Figure 3.2(15).
AAccording'to'Barraclough and Meyer(1l5) CdCr,Se, forms
by a peritectoid reaction where CdSe and Cr,Se; solid
phases react on cooling to form the spinel phase. It
is unfortunate that the reaction is not a peritectic reaction
since in this case there would exist a range of composition

and CdCrZSe4 could be grown from the melt. Recently,
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TABLE 3.2. CRYSTALLOGRAPHIC AND ELECTRICAL PROPERTIES OF SINGLE -
CRYSTALS AND POLYCRYSTALLINE'(HOT-PRESSED)'CdCrZSeA

PROPERTY

~ SINGLE CRYSTALS

POLYCRYSTALLINE
(HOT-PRESSED)

Lattice parameter ]

Structure parameter u
Density (gm/cm3)
calculated

measured

Electrical resistivity (ficm)
297K

77K

Type of Electrical Conduction

'10.721 - 10.755

(75, 76, 9%, 95)
0.390° (25)

5.681 - 5.739
(75, 88, 74, 95)

5:55 (95)
8 x 102
10%

n and P (94)

10.737 (96)

5.714 (96)

5.693 (9¢)

103 - 5 x 103 (96)
10% - 107 (96)

mixed n and p 27)

-"["[..
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" however, T. Kiyosawa andlK. Masumoto(l6) have found that
CdCrZSe4 dissolves in a selenium melt and is in equili-
brium with, the selenium rich melt which has a CdSe con-
_tent in excess of CdSe - Cr,Se; at T ~ 900°C. The
solubility, however, decreases rapidly as T decreases.
from 900°to 860°C. This,. therefore, suggests that there
is a possibility of obtaining single crystals of CdCr25e4
as a primary solid from such a melt. This also suggests
that single érystals by a liquid phase exitaxy (LPE) can
be grown. Growth.parémeters; however, still remain to
be determined. o

| The reaction mechanism of CdSe and Cr28e3 at
T < 885°C has not yet been investigated completely.
However the reaction is thought to ‘occur by a solid state
"reaction .of the two phases by a diffusion of the cations
across the phase bOundarf. Excess selenium, however, must
always be present in~ofder to prevent the eventual decom-

position of the spinel phase eq..3.1.
CdSe(s) + CIZSes(s) + xSez(g)+CdCr28e4(s) + xSe%g)
| ' 3.1
in the absenée-of'selenium at T > 500°C in wvacuum.
' CdCr28e4(S) + Cd(g) + %Sez(g) + Cr28e3(s)

+ CdSe(s) + Cr25e3(s) 3.2

where CdSe forms by the reaction of selenium and cadmium
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gas at the cold end of the growth chamber.

A second method of growing fine powders is by the
reaction of co-precipitated Cd ahd Cr hydroxides with
excess selenium in a flowing hydrogen gas stream using

an incremental temperature increase(l7)..

(1-x)CdCr X CdCESeA(ls) is a solid solution of

254 |
. CdCrzsawahd'.CdCrz‘Se4 ‘with a lattice parameter that varies
linearly with composition while the structure parameter u
remains constant at 0.390 over the entire compositional

range 0 < x <l1. Table 3.3 presents a summary of the crystallo-
graphic and magnetic data. SinglercrystalAgrowth of the
‘quarternary compound has been achieved by flux growth from

-mixtures of the elements and binary compounds in 3OZCdCl2 at

‘800-850°C with 2°/hr. cooling rate(l9).

- 3.1.2.- Optical and Electrical Properties

In this section the optical and electrical properties
of CdCrZSe4 are described. . Also, compositionallvariations
of the spinel strﬁcture are discussed in terms of the induced
changes of the optical and electrical properties in order to
tailor the desired optical and magne;o-optical properties. -
A. Intrinsic
At this point in ﬁime it is almost futile to discuss
the intrinsic.optical properties of CdCrZSeA or

(l-x)CdCr254 .X CdCIZSeA, since it has been impossible



TABLE 3.3. ' SUMMARY OF CRYSTALLOGRAPHIC AND MAGNETIC PROPERTIES OF
(1—x)CdCrZS4 -x-CdCrZSeA‘(Adopted from (18)).

Lattice

A u Magnetic Mément Curie
vComposition Parampgr, R Parameter (uB/molecple).at 4. 2K Temperature, K
CdCr,S, 10.244' 0.390 5.15 84.5
Cdér2838e1 10.352 0.389 5.56 84.7
CdCr,Se, 10.479 0.389 5.76 93.1
cdCr,S,Se, 10.610 0.390 5.73 110.0
cdcr,Se, £ 10.755 0.390 5.62 129.5

-H1-
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to grow intrinsic single crystals. To date, very little
research has been carried out on the preparation of
intrinsic. single érYstals and especially hot-pressed
materials.  Therefore, the study of intrinsic properties '
of all chromium chalcogenide spinels has been severely
limited by the availability of pure large single crystals
or'hot-pressed»materials.

Like ‘all optical materials, the region of trans-
parency is' limited by electronic absorption at short
wavelengths and infrared active phonons at long wavelengths
(ieststf;hl.and-multiphonon absorption). 1In CdCrZSe4
" the first absorption~band=occurs at ~l.3ev from the
selenium valence band to the narrow.d-conduction band derived

2 3+ state).

from the. Cr +-1evéls.f(the‘host ions are in a Cr
This band has been found to red-shift upon cooling(20,21,22 ,23).
‘The total<decreasé in the photon energy between the tempera-
ture at which the edge is at ité highes; energy and OK 1is
about 0.2ev. - The magnitude.of.the ébsorption in the red-
shifting band varies quite strongly from one specimen to
‘another. Photoconductivity is observed in the same band

and it has been observed in'p-type materials. .Although there
are publications in which photoconductivity in the same

3 and Ga®* doped CdCr,Se,, which are

band is In
normally n-type, the red-shifting band is explained by a

conduction d- band broadening and not a valence band
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broadening in the ferromagnetic region. Thié also leads
to a small increase in electron mobility, as observed in
n-type: CdCrZSea, in the ferromagnetic region(25).

D.C. electrical resistivity measurements of single

crystals and hot-pressed CdCr,Se, show drastic

differences depending upon whether the materials are
"stoichiometric" or not. Selenium deficient single
crystals are n-type and have been found to have an activa-
tion energy for electrical conduction of.0.23ev06,27) |
between 300 K and 180vK with a resistivity maximum at
~iSO'K(28);”Stoichi0metric“ single crystals are p-type
~but. have been found to have a monotonically incfeasing
resistivity with a small variation of the resistivity near
the Curie temperature. The change in resistivity near T,
for n-type -CdCr,Se, is';ttributed to a collective ﬁodel
where the conduction d-band broadgns thus increasing the
mobility and. also reducing the donor ionization energy. In

pP-type CdCr28e4 the small change in the resistivity be-

havior is attributed to a small exchange interaction be-
‘tween the valence band and thé.localized acceptor band.

At long wavelength the intrinsic transparent window
is limited By transverse optical phonon absorption and multi-
phonon absorption. Transverse optical phonon or reststrahl
absorption in materials with a spinel structure arise from
the fundamental vibrations of .BX6 and AX, complexes

with the BX6 complex absorption occuring at shorter
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wavelengths(29,30). Multiphonon absorption arise from

the interaction of a photon with more than one phonon.

Such higher order absorption bands arise from two possible
mechanisms: (a) anharmonic coupling between phonons arising
from third and higher order terms in the potential energy,
and (b) second and higher order terms in the electric
moment(31,32). In binary optical materials such as NaCl,

-KC1, CaF ZnS, ZnSe,; CdS etc. multiphonon absorption has

29
- been found to severely limit them at frequencies near 2 and
3 phonon absorptioq bands(33;34).

Two-phonon abSorptibn has also been found to occur in
ternary CdCr,S, at X = 12.5um(35). This absorption band
is thought to limit CdCrZS4 intrinsically-at 10.6um.
CdCr,Se, on the other hand hasrtwo-phonon absorption bands
. occuring at longer wavelengths starting at 2L0. = 585cm™t
(17.16um) theoretical. This is in agreement with the
structure seen in the single crystal spectra reported by
Bongers and Zanmarchi(36)and A.G. Gurevich et alia(37),

- Figure 3.3. At shorter wavelength no structure is seen
because of ﬁhe‘still relatively high absorption coefficient.
Table 3.4 liété the transverse and longitudinal optical
phonon frequencies of CdCr,S, and CdCr,Se, where the
values have been'obtained.from reflectivity measurements

on hot-pressed samples(38).

Solid solutioms of (l—x)CdCrZSA 4 CdCrZSe4 are
expected to give rise to optical phonon. frequencies between

those of the sulfide and those of the selenide.
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TABLE 3.4. OPTICAL PHONON MODES OF CdCr,S, and CdCr,Se,,

MATERIAL

0.

L.O.

74.5, 7

T.
cm“1 | cm_l
CdCr,S,, 379.3 + 0.3 (38) 392.5 + 0.3 (38)
79K 326.6 + 0.4 350.4 + 0.4
300K 376.9 + 0.2 389.9 + 0.3
321.6 + 0.3 (38) 347.2 + 0.3 (38)
240, 235 (38, 30) o
97, 95 ]
CdCr,Se, 291.6 + 0.5 295.0 + 0.5 (38)
79K 270.9 + 0.3 286.2 + 0.3
: 189.0 (39)
78.7
300K 288.1 ¢ 0.6 1291.3 + 0.4 (38)
266.2 + 0.2 281.3 + 0.4
188.0 (39,.30)
4 i

_6'[-



-20-

.Therefore the major intrinsic soﬁrces of absorption
away from the reststrahl and electronic absorption edge
are multiphonon absorptions. These can be shifted and/or
reduced by changing the.sulfur and selenium concentration
in the mixed system (l-x)CdCrZS4 X CdCrZSeA.

B. . Extrinsic

Extrinsically, there can be many types of absorption
and attenuating mechanisms. The attenuating mechanisms
in hot-pressed materials can be divided into two types.
‘The first is impurity absorption and the second is

'scattering.

1. Impurity Absorption

Iﬁpurity»absorptiqn can occur in several ways: (1)
by doping CdCrZSe4 thus giving rise to donors or
acceptors and/or free carrier absorption and (2) impurity
reststrahl absorption.

Donor bands in CdCr,Se, can be introduced by
annealihg in vacuum and thus introducing selenium
.ahd cadmium vacancies. Experiments show that selenium
has a higher vapor pressure and a selenium deficient

CdCr‘z'Se4 is usually found to have an activation energy of

0.23ev . Donor bands can also be introduced by doping
CdCrZSe4 with In3+ “and Ga3+ at the tetrahedral sites.
Absorption bands in In3+ and Ga3+ doped CdCr,Se,

-have been observed at 0.57ev and 0.66ev respectively
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both by electrical rgsistivity’measﬁrements and optical

~ transmission measurements. In3+'d0ped.selenium defig¢ient

hot-pressed CdCrZSe4 samples have shown activation energies

of 0:23ev.  Also, upon annealing in a.selenium atmosphere in

order to remove selenium vacancies responsible for the 0.23ev

band, an activation energy of 0.57ev resulted from'the-In3+126).
P-type conduction has been observed\in Ag+

'doped CdCrZSeA,' but, no absorption bands were observed

in the infrared(doﬁ. Excess selenium in hot-pressed

CdCrZSe4 is also believed to cause p-type éonduction

and free-carrier absorption in the infrared. ' This is

accomplished by an excess of shallow holes due to excess

selenium at grain boundaries. (Classically free-carrier

absorption can be described by (41) :

,e3A2.A N

a = - + - P
. 2 *2 ) R ?:fz
Sou.m

3 u_m ,
4t ¢ eon | M , PP 3.2

' , ] ' , . . 3
- where N 1is the free electron concentration .in #/cm”,

o

. g Lk .
p  is the mobility, mnégmp are the effective electron

and hole mass, and “p are the electron and hole

n
mobilities, ¢ 1s the velocity of light, €0 is the
permittivity of free space and n 1is the index of re-
fraction. This type of absorption has been found in
materials with shallow donors or acceptors such as Ge(42)
where the kz dependence is usually obeyed. 1In |

this description scattering is not taken into considera-

tion.
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‘'Phonons in binary second phases such as CdSe,
Cr28e3, Cdo, Cr203 -strongly couple to electro-
magnetic rédiation and if the optical phonon frequencies
fall into the intrinsically transparent region of
CdCr,Se, absorption bands can be observed with an intensity
propoftional to second phase concentrations. Therefore,
care must be taken in reducing sécond phase concentration,
especially gxides.

2. Scattering

~Scattering is_tﬁought to be the major attenuation
mechanism in hdt-pressed and/or sintered materials.
Possible transmission losses by scattering can occur
through pores, second.phases, grain boundaries and surfaces(43,44).
The transmission depends on the index of refraction
difference between the materials and the scattering éenter,
the size and the density of the scatters. Usually a
size distribution exists and therefore the transmission
is very sensitive to the type of distribution(45).

Because of the fabrication process of CdCr,Se, - and

(1-x)CdCr,S, °x CdCrZSeA, knowledge about the’'physical properties

of the scatterers is very important.
In some hot-pressed materials because of the large

size of second phase or pores Mie scattering must be
used to interpret the transmission data. J.G.J. Peelen et
alia(43) used Mie scattering to determine the influence

of pores on the transmission of hot-pressed and sintered



3.

alumina. They found that a lognormal distribution of
pore sizeslwés-necessary to fit the transmission data.
For this research because of the more difficult
problems such'as,decompbsition and free-carrier. absorp-
tion no effort was made to investigate scattering pro-

cesses.

3.1.3.  Magnetic Properties

The magnetic properties of CdCrZSe4 have been
studied extensively in the past fifteen years. The
feason4being that CdCrZS_e4 is very close to being
an ideal Heisenberg ferromagnet and it is therefore
an ideal system to test the theories of critical
phenomena of»magnetic-materi;lS(AG). Ferromagnetism
in spinels occurs in the absence of high conductivity.
yThé.type of exchange interactions between. the magnetic
ions occurs by a Superexchange'interaction via the
oxygen or chalcogenide anioms. |

In CdCrZSe4 the distance between Cr3+ cations

o ' .
is 3.84A. This separation between the Cr3+ is too

3+ orbitals(47).

large for direct overlap of the Cr
Exchange interactions.therefore take place via the
selenium anions. Magnetic measurements and neutron
diffraction also show that there is a simple alignment
of all the magnetic moments in CdCr,Se,. The ferro-

magnetic behavior in chromium chalcogenide spinels can

be accounted for on the basis of a Heisenberg spin



-24-

Hamiltonian of the form( 48,49)

H = -ZJ .»Z.. ¥
X,

i-Sj - 2K.-£k: Si'sk - gqu;; S .

1 12z
The sum over 1ij includes all nearest-neighbor pair

interactions (Cr.

; - Se - er). J represents the .

strength of the mnearest-neighbor interactions and it is
. assumed to be positive; the number of nearest neighbors
-z 1is 6, .Si and Sj are the total spin-magnetic moments
of .the Ci3+ jons, S = 3/2 -according to Hund's rules.
The sum over ik includes all pair interactions of the
type er - Se - Cd - Se - Cry. The number of next-neighbor
included in this interaction is 30 and they are -assumed
to have an identical strength K. The sign of X may
be either positive or negative. The final term in the
- spin Hamiltonian is the usual Zeeman . energy in.an ex-
ternal field H,. |
Baltzer et al.(48) have found that for CdCr,Se,

J=1.93 x 10 Pergs and K = -1.37 x 10717,

Thus
- showing that J > 0 is associated with ferromégnetic
ordering of the Cr3+ spin‘magnetic moments and K < O
indicates antiferromagnetic ordering of the next-nearest
neighbors. |

Magnetic,moménts of CdCrZSe4 as well as CdCrZS4
‘have been found t6 be highly dependent on stoichiometry(SO).

Anionic deficiencies for example have been found to decrease
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the net magnetic moments per unit céll. The decrease
in magnetic moment was found to be due to the presence
of divalent chromium cations to charge compensate
for anionic deficiencies.: Cr2+ decreaseé~the net
ferromagnetic interactions because of a lower magnetic
moment per unit cell (4up vs 6up for Cr3+) and because
Cr2+ ¢puple antiferromagnetically to the nearest Cr3+
neighbors. Magnetic properties ofsiCdCrzsea singie
crystals are given in Table 3.3.

In (l-x)CdCrZS4 *X CdCrZSe4 , the ferromagnetic behavior is
also explained by a superexchange interaction mechanism

. where the Cr3+

jons align in neutral directions(18).
The Heisenberg spin Hamiltoﬁian can be used to explain
the ferromagnetic behavior as in the case of the
individual phases CdCr,S, and CdCrySe,.  In the
"SOlid‘solution<however,-the~supereXChange'interactions
occur via both the sulfur and selenium anions. The
Curie temperature does not vary linearly with tempera-
‘ture as shown in Figure 3.2a. This is due to the
non-monotonic dependence of the nearest neighbor
interaction, 3, and next-nearest neighbor interaction
K on the compositional parameter X. J and K can be
-expressed in terms of the compositional parameter x
and on the different neighbor interactions depending

on whether sulfur or selenium ions are involved in the

interaction(lé,Sl,SZ), Figure 3.4b.
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Figure 3.4. (a) Curie temperature and Curie-Weiss para-
, S meters - as a function of composition within the
system (l-x) CdCI’ZS[;X Cdcrqseai and,

'(b) the ¢composition dependent effective exchange:
parameters, 3 and ¥ as functions of composition

within the system (l-x) CdCrzSa-xCdCrZSea.
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The experimental value of u as measured by
P.J. Woetowicz et alia(18) varies with composition
as shown in Table 3.3. The deviation from theoretical
value of 6up is most probably due to a selenium
and/or sulfﬁr deficiency as in the case of the consti-
-tuents.-CdCrZSe4 and CdCrZSQ. That is, anionic
deficiencies would be charged compensated by the forma-

2+

"tion of Cr thus lowering the net magnetic moment.

3.1.4. Magpéto-Optical_Properties

The Faraday effect is the rotation of the plane of
- polarization of a light beam as it.is transmitted
through a magnitized dielectric. At normal incidence

a linearly polarized beam may be resolved into left
‘.hand:circularly polarized and a right hand circularly
‘polarized components. The induced birefringence

causes these components to see different indices of

: fefraction(53,54),.resulting in a phase shift between
the two components and- thus a rotation of the plane

of polarization of the radiation ﬁpon transmission.
Phenomenologically the Faraday rotation can be expressed

as:
GF = VB2cos 3.3

- where V 1is the Verdet constant, B is the applied
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magnetic field, ¢ "~ is the thickness.of the sample,
and ¢ 1is the angle. that the light beaﬁ makes with
the direction of the applied magnetic field.

In non-magnetic semiconductors thelorigin of the
Faraday rotation is due to the interaction of non-
magnetic electrons with the magnetic field. In magnetic
semiconductors.such.as CdCrZSe4 this effect does
‘not contribute measurably to the Faraday rotation.

In chromium chalcogenide spinels the Faraday rotation
has two origins. ' The first arises from the high

energy crystal field transition and/or charge-transfer
transition which,are electric dipole transitioms.

These occur in the visible and near infrared part of the
spectrum. The second arises from magnetic dipole transi-
tion having resonance frequencies in the far infrared

or microwave frequencies. - The latter contribution

" in the wavelength region qf interest (1-18um) is inde-
pendent of wavelength(3A,19).

Ih CdCrZSe4 ~the Faraday rotation due to the
‘electric dipole transitions is determined by the spin-
orbit splitting of the excited state. The large
negative rotation observed due to electric dipole
transitions has been attributed to a Se » Cr charge

transfer barnd at 0.48lum having the fdrm636),

[} - |M
O = K'g b —7my 34
O
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to Equation 3.4 the magnetic dipole transition terms
must be added. This second term depends only on the

magnetizatioﬁ~M and gyromagnetic ratio y eq. 3.5.

|_2T\'2

Adding-Eq. 3.4 to Eq. 3.5 we get:

S 2
o L Mg
& ‘= Op +0p =kgdtr—m , +
s (A -xo)
28 e oy M 3.6
< Y& >

The deviation of Eq. 3.6 has been reviewed by

S. Jacobs{1l) and therefore it will not be reproduced here.
‘Bongers and Zanmarchi(3s) have determined the |

. Faraday rotation of CdCr,Se, from 1 to 18um and

have also fitted Eq. 3.6 to their data with the magnetic

dipole term equal tv =193 degrees/cuw (ueasured),

M= 286>G; andv(K% ) = 1.11 x 10—4 degrees cm. The

‘Faraday rotation czlculated from Eq. 3.6 1is given in

Figure 3.5. At short wavelengths the largest Faraday

rotation 0f-9200 deg/cm was measured at 1.1l7um indicating

that for an optical isolator at this wavelength an

element thickness of only 49um is needed. At Sum,

G = -263 deg/cm and.an element thickness of 0.l7lcm is

F

needed.



-30-

FARADAY ROTATION I8¢l deg. cm™

5
10 L T T 1 1 T T
CdCrySe 4 |

|o4 -

|03 -

102..- -

-Io'l -

o b v ) 1 1 P

0 2 4 6 8 IO.' 12 4 - 16 18

~ WAVELENGTH X, gm.

Figure 3.5. Saturated Faraday motion vs wavelength of
CdCrZSeaf
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The Faraday rotation in chromium chalcogenide
spinels at 10.6um, for exampie, can be varied from a
minimum of ~94 degrees/cm a;"Mf='MS~to ~1000 degrees/cm
for HgCrZSea(sj)JJ However,“becauée intrinsic'elecfronic
absorption in HgCrZSe4 occur at much~longer_waveiength
' andAbecauée of the apparent technological problems, és
will be described in Chapter‘3.2, HgCrZSeaAlis not investi-
. gated. However, solid salutions.of HgCr,Se, and I

CdCrZSe4 may be a viable system. Figure 3.6.shows a

schematic of a Faraday isolator in a laser system..
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3.2. Consolidation of Ceramic Powders by Hot-Pressing.

3.2.1. Introduction

Hot-pressing is a fabrication process whereby a ceramic
or metal powder is subjected to a high pressure and tempera-
ture for a.time t in order to densify the powder to
near theoretical densities. Hot-pressing as a fabrication
process has been finding increasing utility in the ceramic
industry in the past years with particular emphasié on the
preparation of materials with improved properties through
composition, microstructure and density control.

Many researchers have devoted much of their time to
the understanding of densification mechanisms of powders
during various stages of densification.:  However, there is
still no complete.theory that'cén describe the densifica-
tion processes during the various stages of densification.
The major difficulty being that densification occurs by
many conCurréntvand sequential procesées(56).

During the past 20 years or so a lot of reseérch has
been done on optimizing and understanding the densification
of oxides, borides, nitrides and alkali halides .
HoWever;'very little work has been done on the chalcogenides
with the exception of the wqu of Ed Carnall (57) 'at Kodak
Research Laboratories. The reason for the scarsity of
data has been due to a limited demand for ternary chalco-
genide optical elements. But, this is slowly increasing
as infrared and millimeter wave technology is being’
developed. A second reason for the lack of data is

that chalcogenides, and especially chalcogenide spinels,
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tend to be non-stoichiometric and therefore it is difficult
to test densification theories.

However, because of a recent interest in infrared
active optical elements, more effort should be devoted
to the understanding of densification mechanisms and
defect structure of these materials. This section is
devoted mainly to the description of various mechanisms

that can occur in chalcogenide spinels.

3.2.2.. Driving Force During Consolidation and Stages of
. Densification '

The driving force (D.F.) during hot-pressing is

expressed as the sum of three terms:
D.F. = g9, +Cy - P

where - g ‘is a stress correction factor which depends

on the porosity Figure 3.7 (58), o, is the.applied
pressure, C 1s a pore structure sensitive parameter.
(During hot-pressing the shape_of‘thefpores changes;
while during the initial‘stagés the shape may be approxi-

mated by a cylinder and C = L where yr 1s the radius of

T

the cylinder, during the final stages the pores can be
approximated by a sphere and C = % where r 1is the
radius of the sphere), <y 1is the surface free energy and

. p 1is.the internal gas pressure which exerts a negative

pressure on' the plunger.
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-RELATIVE DENSITY

Stress correction factor g as a function

. of relative .density -(adopted from (58)).
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ﬁhé stress correction. factor g is a very important
parameter at low relative densities. At high relative
densities the effective applied pressure is very close
to the applied pressure and therefore no correction is
needed. In reality a correction should be made but the
scattef in most experimental data makes it difficult to
test the functional relation of g shown in Figure 3.4.
| The densification process can be divided in three
stages: (1) initial, (2) intermediate, (3) final. During
the initial stage, densification can océur by a combina-
tion of particle size rearrangement'by sliding at the grain
boundaries(59), by particle fracture, by grain shape
chénges by plastic deformation and by diffusion. Re-
‘arrangement occurs by sliding of the grains over each
other along their. surfaces to accommodate the applied
stress. "Rearrangement can also be aided by the presence
of a liquid phase with a Tb.p. lower than the hot-pressing
:,temperature. Parﬁicle fracture usually occurs in brittle
materials and in large crystals below the brittle. to
ductile transition temperature. Rearrangment by grain
boundary shape changes by plastic flow is especially im-
portant in compacts of large non-uniform particle size.
In stoichiometric crystalline materials with a low
brittle to ductile transition temperature, e.g. alkali
halides, large particles can be densified to near-theoretical
densities >99.97%. However in materials &ith a high

brittle to ductile transition temperature, submicron
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particles are desirable.
Densification during the intermediate and final
stages is: dominated by diffusional creep mechanism as

described by Coble(60, 61) and power-law creep(2).

3.2.3. Rate Equations

There are several mechanisms that have been invoked
to. descirbe densification during hot-pressing.. The
driving.force as already mentioned, can cause rearrange- -
ment of the particles(59), it may induce plasticity and/or
fracture; and it may increase the effects of surface
tension as a driving force for diffusion. But, no:single
mechanism in .any material is responsible for complete
densification. The dominant mechanisms depend on the
internal ﬁarameters such as neck size, gas pressure in- the
pores, and'compact density. Therefore the relative con-
tribution of each mechanism changes as densification
proceeds.

The densification rate, 5, can be expressed in
terms of the pressing parameters, internal parameters

and physical constants.
o= plp, T, o, T, d, physical comnstants)

where
p = relative density of the compact
T = absolute temperature

g = applied pressure
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T pore radius

d average particle size

- The rate equation does not include the initial stage of
densification because there are too many mechanisms

taking place to detefmine the kinetics(63). .D.L. Johnson
et al. (64) have proposed mechanisms of initial stage of
sintering for.non-isothermal densification but it only
takes into account grain boundary diffusion and lattice
diffusion. »Moré'work is warranted in determining the
mechanisms and formulation of models of the initial stages
of hot-pressing.

During the intermediate and final stages of hot-
Pressing'seven~mechanismé can contribute to‘the.densifi-‘
cation: (1) lattice diffusion from the boundary, (2)
grain boundary diffusion from the boundafy, (3) péwer-law
creep, (4)-piasticity; (5) lattice diffusion from the
. surface, (6) surface diffusion and (7) vapor transport.

Of these only (1-4) lead to neck-growth and. thus influence

the rate of deﬁsification(?S).
A. Diffusional creep.

When a stress 1s applied to a polycrystalline
material at elevated temperatures, movement of vacancies
can occur from the regions in compression to those in
tension. This process can occur thréugh the lattice
in which case it is a lattice diffusion mechanism |
usually referred to as Nabarro-Herring diffusional creep(65,66)

or through the grain boundaries in which case it is called
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Coble diffusional. creep(60).

The creep ratevor in our case the densification
rate through the lattice has Eeen calculated originally
by Nabarro(65) and Herring(66) independently. The

strain rate is given by:

BQ oD
€ = . L 3.7

where B . is a constant which depends on the grain shape(67,68)

(for a sphere in tensile stress B = 13.3, in shear stress

L
the applied uniaxial stress, d is the grain size, k 1is

B =40), D is the lattice diffusion coefficient, o 1is

the Boltzmann constant, T 1is the absolute temperature
and Q 1is the vacancy volume or the volume of ‘the diffusing
atoms. The temperature dependences for lattice diffusiom

can be expressed as:

: -0 /T
D, =0,°e 0k

) . 3.8

where Dlo and Qi“ are the  pre-experimental and activation
energy for the lattice diffusion process ., respectively. .
-GrainubQUndary'diffusional creep or densification has

been calculated by Ceble(61). The strain rate is expressed

by

. 47.5WaoD,
PR —— 3.9
. KTd
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W 1is grain boundary, Dy 1is the boundary diffusion
coefficient. 'The temperature dependence for boundary

diffusion can be expressed as:
D, = 0% e %W/ T 3.10

where - Dbo and QB are the pre-exponential and the
activation energy for boundary diffusion respectively.
Since grain boundary diffusion and lattice diffusion
are independent they can occur concurrently during'densi-
fication. Inlconcurrent processes the'dgnsification or

- strain rate can be expressed as a sum

= g + e 3.11

- substituting for éN-H and Eq We get:

47.5D, W

e= 2 D, 13.3 4 — 2 3.12
kTd®

AEquétion 3.12 haé'impOItant'COnsequences.

- The activation energy ongrain boundary diffusion has
. a lower activation energy and thus it will dominate at low
temperatures. Also, the trénsition temperature from grain
boundary diffusion to lattice diffusion is a function of

particle sizé(65).
B. Power-Law Creep

In'materials where creep or densification during the
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final stage is controlled by dislocations, the steady
state creep rate is proportional to the stress to the
power of n, Eq. 3.13, as observed in alkali nalides

and as LiF, NaCl, and WNaBr(69,70).
¢ =Ag" ©3.13

where A 1s a constant which depends on the diffusion
for dislocation»creep,-temperature, shear modulus and

- Burgers. vector. The-graih size has little influence

on the rate of thisrmecﬁanism which will continue to
operate even after abnormal grain growth has occured.

| . .As pointed out by Wilshireésg), n is highly
dependent on stoichiometry and it is only wvalid for

a particular'temperature'range;v n can vary from

~3 for dislocation glide/climb controlled by climb

to ~5 for pipe diffusion 6ccuring along dislocations
Eores(?l). In determining n from experimental data a
sufficiently wide temperature range must be used to avoid
ambiguity of n - due to a mechanism transition, that is,

- regions where paréllel OTr concurrent process take place(56).
C. Plasticity

Plasticity has been observed to occur in many materials
‘during hot-pressing. "Such materials are InSb(72),
GaAs (73) and alkali halidés, to name a few. Phenomenologi-
cally Murray et al.(74)‘calcﬁlated the densifi;ation rate

by substituting the applied pressure for surface force
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energy as the drivinglforce-and_with appropriate simplifi-

cation for the rate of densification

N
H
1
(]
N |
I
Nw
S a

o
-ﬁat + ¢ i 3.14

0
l.
w

n(l-D)

where n 'is the viscosity and D 'is the relative ‘density.
Plasticity can be easiiy observed by the presence of

texture by x-ray analysis, and by alignment of the

. grains along the tensile direction microstructurally.

" Densification by plastic=flow-occurs-iﬁstantanedusly'
if the flow strength - c&i is high enough:
o

e= y @ 3.15

- also if a critical density: D, ~is reached -plastic de-

formation does not take place even if o, > Oy-
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IV. EXPERIMENTAL TECHNIQUES

4.1. Materials Preparation

Materials preparation ' is of utmost importance
in the fabrication of optical elements by hot-pressing.
In this section the procedures for powder preparation
and sample fabrication by hot-pressing are described.
In order to optimize the optical properties of
CdCrzse4 and investigate the densification mechanisms,
powders with varying particle sizes were formed.
Materials preparation is pre§enﬁed in two parts; the
fi;st describes the powder preparation and the second

the sample fabricaﬁionfby ﬁot—pressing.

4.1.1. _Powder Preparation

There are several ways of preparing CdCr25é4 each
- giving different crystal sizes. Single érystals with
. sizes 0.1 to several millimeters on the side can be |
- grown by liquid-vapor  transport(1ll), liquid transport

(8, 9, 10), flux growth(13) and vapor transport(l2).

Powders with a particle size less than 0.lmm can be

grown by the direct reaction of the binary ‘selenides
in a selenium atmosphere and by the reaction’'of the
elements(15). Submicion-powders can be grown by the
reaction of metal chlorides or co-precipitated metal
hydroxides with excess selenium in a hydrogen gas stream(l7).
In our investigation the following methods werée used to

ZTOW CdCrESe4 with varying particle.sizes; )
(1) Liquid - transport of CdSe and CrCl3

(2) Direct reaction of CdSe and Cr28e3
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Figure 4.1. Optical micrograph of CdCrZSe‘,+

single crystals grown by the liquid trans-
port method.
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(3) Reaction of co-precipitated chromium and
cadmium hydroxides in H, + x Se.

A. Single crystals

Singlé crystals with a particle size 0.1-2.0mm
were grown by the liquid-transport method developed
- by H. vbn'Philipsborn(é, 9, 10) and Tung Cheng(75).
In this method CdSe (99.999%, -325mesh), and CrCl,
(99.8%, -80mesh) in a 2:1 ratio by weight are in-
dividually cold pressed into pellets approximately 13mm
in diameter and l4mm in length at 20MPa. The pelleté
~are placed in a platinum or cadmium boat next to each
other in the order .CrCl34CdSe-CdSe-CZCl3.' The symmetric
arrangements of the four ﬁellets doubles the interface
which is of importance. - Platinum or cadmium are'used to
prevent Cr28e3':formétion. Initially platinum was
used, however cadmium was later used as suggested by
von Philipsborn and by T. Cheng. Cadmium is ﬁsed over:
platinum because of itsAECdnomic advantage. The pellets
in the platinum or-cadmium boat are then placed in a
quartz tube-évécuated to’lofetorr, sealed off and put in
a horizontal tube furnace. The furnace is then heated
to 695-705°C in &4 hours and kept at this temperature for
3-5 days. The furnace is then cooled to room temperature
and the quartz tube withdrawn. Upon breaking the quartz
:ampule and analysis of the pellets, CdCr,Se, octahedra
Figure 4.1., were observed in the CdSe pellets but not

in the CrCl3 pellets. The crystal growth is thought
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to occur by liquid-transport, but the exact kinetics

are still not understood.

B. Powders with a Particle Size <100um

CdSe (99.999%, -325mesh) and Cr,Se, (99.99% -325mesh)

2
" powders were used as the starting materials. CdSe was
commercial high purity from Cerac Inc. Cr28e3"on the
other hand was freshly synthesized in our laboratory from
‘the elements according to Equation 4.1.

3 600°C '
2Cr(s) ZSez(g) - Cr28e3(s) 4.1

5-days

The reaction of the powders was carried in quartz
.ampules (15mm I.D., 17mm O.D., 200mm long). The ampules
were sealed off at one end using an oxygen torch and
necked as shown in Figure 4.2b to facilitate sealing under
vacuum. The ampules were cleaned in a 40%HF solution
followed by a 70%HN03 and ethyl alcohol wash. The ampulés
(Figure 4.2a) were-subsequentiy outgassed in vacuum with
the aid of an oxygen flame. The vacuum system is shown
in Figure 4.2b.
| The binary powders are mixed in an automatic mortar
for one hour. They are then placed in a freshly cleaned

-6

ampule and evacuated to < 10 “torr in 5 to 6 hours. The

ampule is then sealed with an oxygen torch, placed in a
horizontal furnace and heated to 650°C to react for 5 days,

according to Equation 4.2.
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Diffusion pump

Liquid nitrogen'cold trap
‘Butterfly valve
-Mechanical vacuum pump
Ampule '

-Powder

Thermocouple -gauge .
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, ' | Powder7
I7mm [ 15 mm }~7-i0mm S ///L/Lm (b)

Figure 4.7. (a) Schematic of the vacuum system used to
evaluate ampules shown in (b).
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; 3 650°C
CdSe(s) + Cr28e3(s) +'0.002gm/cm Sez(g) >

4.

CdCrZSeé(s) + xSez(g)

(Excess selenium was found to be necessary to achieve 100%
reaction).

The reacted powders were then taken out of the ampule,
a sample was taken out for analysis, the rest was reground,
put in a freshly cleaned ampule, evacuated, sealed and
reacted at 650°C for an additional week. This procedure
was repeated until x-ray diffraction showed a single phase.
Usually three reaction periods were necessary to obtain a
‘single phase material according to x-ray diffraction.

‘The fully reacted.powders were.ground and sieved
through a 625mesh sieve (<20um) and placed in a dessicator

" ready for hot-pressing.

C. Reaction of Co-precipitated hydroxides.

. Don Pearlman and Ed Carnall(36) used a dilute solution
of hydrazine‘(NZHA) to co-precipitate a finely divided
mixture of cadmium and chromium hydroxides uncontaminated
by salts from a solution of . CrO5 and CdO in a molar

ratio of 2:1, Equation 4.3.

Cd(OH)2 + H20 4.3

The co-precipitated hydroxides are subsequently dried at

2
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105-110°C in air dvernight.’ The seleno spinel are then
formed by reacting the co—précipitated hydroxides with
~ excess selenium in a quartz firing tube as shown in
Figure 4.3 under a hydrogen gas stream using an incre-
mental temperature increase. The quartz firing tube was
arranged for cooling the powder rapidly in the firing
atmosphere. For comversion to CdCr,Se, the powders
were treated for one hour at 200°C, 2 hours at 400°C,
3 hours at 600°C and 3 hours at 700°C. At the end of each
period'the product “is cooled to room temperature, sampled
for analyses-and the remainder prbcessed-fufther'accdrding
to the program. The resulting powders had submicron particle
sizes.

’The,cofresponding sulfide powders, CdCrZS4,<-were-also
" made using tﬁe‘samé method except that the maximum tempera-
‘ture used was ~925°C and HZS gas was used insﬁead of
H, and sulfur.

-The solid solutions of- (1-x)CdCr,S, -x CdCr,Se, were
formed-by;feactiqgi CdCr,S, and CdCr,Se, - powders in an
evaéuatedfquartz.ampulé at 670°C for 3 days. The resulting

‘material had a particle size <lum.

4.1.2. Sample Fabrication by Hot-Pressing

A. "Apparatus

Vacuum hot-pressing of CdCr,Se, and (l-x)édCrZS4 °X
CdCr28e4 was carried out in the apparatus shown in Figure 4.4,
The vacuum hot-pressing apparatus consists basically of

a mechanical pump, a two inch diffusion pump, a chamber
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Figure 4.3. Apparatus used to grow submlcron chromium chalcogenide spinel
powders and powder treatment after growth in a helium gas atmosphere.
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with the hot-pressing dié, a radio frequeﬁcy coil to heat

the die by induction and a press capable of applying
120,000kg on a six inch diameter ram. The pressure can

be applied uniaxially through two vertical rams; the. upper

~ ram Being fixed and the lower is connected to a h?draulic
acuaﬁor. The die was heated by means of a 7.5Kw 200-—480KHZ
Lepel radio-frequency generator and the temperature was con-
trolled manually to 'Egig. The vacuum during hot-pressing

was maintained at ~~5 x'lO-5

torr.. The hot-pressing die is
made of a Molybdenum titanium zirconium* alloy which allowed
a pressure of 380MPa at T < 900°C. The die was coated

with aquadag prior to all runs to allow easy removal of

the hot-preésed material. Also, two pyrolithic graphite
discs were placed below and above the powder to maintain

a uniform temperature within the powder and allow eaéy re;
moval of the hot-pressed material. The displacement of

the powder during the hot-pressing was monitored by a dial

gauge that could be read to £2.5um.

" B. Hot-Pressing

" The powder is placed in- the hot-pressing die shown in
Figure 4.5 between the two pyrolithic graphite discs and
. put in the hot-pressing chamber to evacuate for 2-3 hours.
The die was then heated to 350°C-450°C at a heating rate

of 30-35 deg/min. and outgassed for 15-60 minutes at zero -

* .
"TZM - Molybdenum Alloy, Climax Molybdenum Company of
' Michigan, Detroit Michigan.
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- Figure 4.5.: "TZM" Molybdenum alloy hot-pressing die.
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applied pressure. After the outgassing pefiod a partial
pressure varying from 19-78MPa was applied to the powder
and the die heated to 650-700°C at rates vérying from
13-18deg/min. At 700°C the powder is brought t§ equilibrium
under an applied pressure of 78MPa in ten minutes after.

- which a final pressure is applied (150-344MPa) at 40MPa/min.
and the powder is hot-pressed for 5-240 ﬁinutes. At thé
‘end of the run the radio-frequency generator is shut off

and the pressure is released slowly to 100MPa between the
maximum temperature and 500°C. At 500°C. the pressure is
released to zero and.  the chamber is back filled with nitrogen
gas and cooled to room temperature. A flow chart of the

hot-pressing procedure is shown in Figure 4.6,

4.1.3.Sample Preparation

" Hot-pressed samples  were ground and polished using
conventional metallurgiéal»techniques for optical observa-
tion .0of the surfaces electrical resistivity measurements
and for optical transmission measurements.

“The surfaces of the hot-pressed samples were etched
at room temperaturé in a 70% solution of HNO3 plus two
or three drops of"HZOZ for 30-60 seconds to prevent- staining
to show the grain boundaries and etch out any CdSe found
at triple points. Grain boundaries were further etched
by removing both CdSe and Crj,Se, - with boiling 70%HNO; +

2-3 drops of H202.
4.2. Materials Characterization
4.2.1. Chemical Analyses

Chemical analyses of both the powders and hot-pressed
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PREPARE POWDER
'LoAb DIE' WITH POWDER (l-2 grams.)
PLACE DIE IN VACUUM SYSTEM
| EVACUATE‘FOR 2-3 HRS. TO 107> torr.
HEAT TO 350-450°C IN 10-15 MIN.
| OUTéAs FOR %-2% HRS.
- APPLY P§ESSURE'UP'TO 80 MPa.
HEAT TO 650-750°C AT 13-18°C/MIN.
'APPLY A MAXIMUM PRESSURE OF .80 MPa.
'SOAK FOR 10" MIN.
" APPLY H-P PRESSURE UP TO 346 MPa.
'HOT;PRE§§~FOR TIME t. (0-4 HRS.).

Figure 4.6. Flow chart of the hot-pressing procedure of
CdCrySey; and (l-x)CdCrzsa . X CdCr28e4.
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| o 3 650°C
CdSe(s) +ACr28e3(s)'= 0.002 gm/cm”Sey(g) =
CdCr,Se, (s) + xSe,(g)
(Excess séleﬁium was found to be neceésary to achieve 1007
reaction.

The reacted powders were then taken out of the ampule,
a sample was taken out for analysis, the rest was reground,
put in a freshly cleaned ampule, evacuated, sealed and
reacted at 650°C for an additional week. This procedure
was repeated until x-ray diffraction showed a single phase.
.Usually three reaction periods were necessary.to obtain a
single phase material according to x-ray diffractionm.

The fully reacted powders were ground and sieved
through a 625 mesh sieve (<20um) and placed in a dessicator
ready for hot-pressing.

C.»-Reaction~of'Cojprecipitated hydroxides.
| Don Pearlman and Ed Carnall (17) used a dilute solution
of hydrazinév(N2H4) to. co-?recipitate a finely divided
mixture of cadmium-and chromium hydroxides uncontaminated
by salts from a solution of CrO3 and Cd0 in a molar ratio

of 2:1, Equation 4.3.

Cd0 + 2Cr04 'x Hy0 + (NH,),-xHy0  2Cr(0H)4 +

Cd(OH)2 + HZO

The co-precipitated hydroxides are subsequently dried at

4.

3.
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samples was accomplished by x-ray diffraction. The as
cformed‘powders were routinely analyzed by x-ray diffractometry
in order to determine the second phase concentration. - The
second phase concentration of Cr28e3 and CdSe, the most
prominent second phases in CdCrZSe4 that could be de-
tected by x-ray diffractometry was calculated by taking

the ratio of the 100% x-ray line of the second phase and
100% x-ray line of CdCrZSe4; X-ray diffractibn'using

a Debye-Scherrer camera was also used to’determine the
lattice parameter, as, of CdCrZSea.' The lattice parameter
waS'cach}ated from the x-ray data'using*the,Nelson,Riley
'méthod(7). Table 4.1 lists the lattice spacings of
CdCr;Se, powder;within the experimental error no differ-
ence was found between the lattice parameter of the.powders
and that of the hot-pressed samples. The values of our
latticeiparameter agree wi;h‘the.Values of a reported:
by other researchers (48,76).

Hot-pressed samples were also analyzed by optical
microscopy to locate the second phase and determine quanti-
tatively the amount ol second phases. Observation of
second phases was also doné by scanning electron micro-

scopy and analyzed by electron microprobe.

4.2.2. D.C.Electrical: Resistivity Measurements

D.C. resistivity measurements were made by using the

"~ van der Paw method(77). The apparatus used is shown

schematically in Figure 4.7. Stainless steel wristwatch
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TABLE 4.1. X-RAY DATA OF CdCIZSe4

hk1 1/1, § §o %[22322.+ c022§]
220 53 3.7935 10.7296 4.7013
CdSe 4 .3.4998
g (311) . 3.2376
LdSe 4 .
B (222) __3.0998
CdSe . - 6 ‘
311 63 3.2376 . 10.7379  .3.9426
222 49 3.0998 10.7380 3.7526
8(400) | 2.6827 10.7308 |
Cr2Se3(101) 7 2.7467
400 ssv 2.6827 10.7308 __3.1701
331 18 2.4630 - 10.7360 2.8577
B333(S511) 2.7 2.0650(8) . 10.7302
422 15 2.1916. 10.7366 2. 4644
8 (440) 3 1.8946 10.7177
. 333(511) 56 2.0650 . 10.7302 2.2135
440 100 . 1.8972  ~10.7321 2.0221
442 3 1.7873 10.7243
620 5.4  1.6966 10.7302 1.7144
- 533 8 1.6343 10.7167 1.6144
622 10 1.6182 10.7340 1.5898
bl | 8  1.5500 10.7387 1.4796
711(511) 8.6 . 1.5033 10.7357 1.4031
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TABLE 4.1. X-RAY DATA OF CdCr,Se, (comt'd.) 2.
me w3 - sfeoste v cord]
642 11 1.4338 10.7296 1.2872
731¢553) 12 1:3976 10.7352 1.2261
- 800 8 1.3418 10.7344 1.1304
733 6 1.3115 10.7351 1.0776
- 822(660) 6 12656 10.7390  0.9965
| 555(751) 7 1.2411 10.748 0.9526
804 12 . 1.2006 10.7385 0.8790
931 . 19 1.1251 10.7320 0.7385
0.6829

- .844 . 27 1.0960- 10.7382

a_ =-10.738 + 0.0054

Px-ray = 5.714 + .0.007 gm/cc
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Figure 4.7. Schematic of the electrical resistivity
' ' measurement apparatus.
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single sided épring bars were used as preséure contacts
and silver amalgam was used to ensure an ohmic contact
at both room temperature and liquid nitrogen cemperatufe.
The silver amalgam was placed on the tip of the pressure
contacts and on the samples at the point of contact. Prior
to all measurements the hot-pressed samples were polished
by standard metallurgical techniques with 0,05ym alumina,
the& were lightly etched with HC1 to remove any oxide
layer and cleaned with ethyl alcohol. A Fluke»vériable
D.C. power‘supply'(O—BOOOv)4was used as the voltage source
- and the current flowing through ab was measured using
a Keithiey_micro;microammeter...The voltage across cd
was measured by using a Keithley high impedance nullmeter.
. The sample holder Qas a 350gram Cu-blpck in order to
ensure thermal equilibrium at every reading. The sample
was kept iﬁ a nitrogen gas atmosphere above liquidAnitrogen
rand allowed to warm to rooﬁ temperature in 4-5 hours;
care was taken'in preventing water condensation on the
sample. The sample temperature was measured by a chromel
constantan thermocouple referenced to 273K placed in close
contact .with the sample. The readings were taken every
~2 degrees celsius. | |
The probes were placed symmetrically around the sample
edge so that Rab,cd = Rbe,da. The resistivity was calculated

by using the van der Paw.formula,. Equation 4.3.

;7 IR, . R : |
. ndz abed + be.dal Ry cq/Ruc da)
mnz B

4.3
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where d is the sample thickness in centimeters, the
resistance ~Rab,cd is defined as the potential difference
'Vd-Vc between contacts d and- ¢ per unit current
‘through. the contacts a “and b.. The current enters the
sample through the contact a and leaves it through
contact b; similarly Rbec,da is defined. f(Rab,cd/Rbc,da)

is -defined in Equation 4.4.

2 4
£ = 1o Rab,cd" Rye,da n2 Rab,cd-Rbc,da]‘.
Rab,cd * Rbc,da 2 Rab,cd+Rbc,daJ

2 N2 3
(2n2) < ((Ln2) (Ln2)
27 (. } bt

.Since Rab,cdf= Rbc,da f( ) = 1 and Equation 4.3. .. be-

comes

in2
Iab 4.5
_7d Vcd
o =18 (55
n?2 ab

where V_4 1is the voltage across cd and I, 1is the

current flowing through ab.

4.2.3. Infrared Transmission Measurements

Transmission measurements at 10.6um were made on

all hot-pressed samples (116 in total). routinely using
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the apparatus shown in Figure 4.8a. The<apparatus,con-
sists of a .C02-1aser; a‘photoacoustic detector(?gl

a lock-in amplifier and a chopper. The transmission
measurements at 10.6um for samples with an attenuation

- coefficient lesslthan'50cmfl.were made on samples with a

- thickness varying from 0.15 to 0.2cm; whereas samples with

attenuation coefficients greater S0em ™t

had to be polished
down to a thickness of 0.05-0.1lcm. From the value of the
transmittance the attenuation coefficient (att) was cal-

culated from Equation 4.6.

Iout ) »(l_R)'Ze-(a-f-‘r)Q, e

in
where R is the reflectivity for two surfaces

. 2
-1
n+ )

0
i
o]

n is-the index of refraction. Table 4.2 lists the wvalues
of the index .of refraction of - 'CdCr,Se, and CdCr,S, as
a function of wavelength'inAthe infrared.

‘Room temperature and liquid nitrogen spectra from
2.5um and 30um were obtained ﬁsing a Beckmann 4250
~spectrophotometer, The spectra at liquid nitrogen tempera-
ture were made using the cryostat with NaCl windows shown
in Figure 4.8b. The NaCl windows were kept at approximately
10°C- above room temperature to prevent water condensatiom.

The samples used to obtain infrared spectra were polished



TABLE 4.2. REFRACTIVE INDEX vs WAVELENGTH FOR
CdCr,S, AND CdCr,Se, (Adopted from (17)).

| S CdCr,S, | ) cdCr,Se,,
Wavelength Wavelength ‘

(um) . Index (um) , | . 'Index
0.633 3.57 1.18 3.33
0.800 3.86 1.22 3.30
0.850 3.75 1.45 3.23
0.900 3.58 1.70 3.20
0.950 3.46 2.56 3.15
1.00 - 3.37 2.97 3.14
1.20 3.13 3.33 3.14
1.50 2.97 4. 45 3.14
2.00 2.89 5.33 - .14
2.50 2.86 6.68 3.14
5.00 2.84 8.94 3.16
10.00 2.84 13.53 3,18
15.00 2.84 15.01 3.17

22.62 3.18
26.95 3.17
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Figure 4.8. (a) Schematic of the optical transmission apparatus

at A = 10.6um, ‘ ,
(b) schematic of the cryostat used for low tempera-

ture transmission measurements.
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down to a thickness of 100-250um. Care was taken in

preventing wedging.

4.2.4. Physical Density Measurements

The physical density of hot-pressed discs averaging

.-a mass of 1-1.5 grams was measured by a liquid displace-

ment method using air-ﬁrée distilled water as. the fluid{(79,80)-

A constantan or chromei wire .12.7pym thick was used to sus-

pend a nichrome basket into the water. Wires with a

thickness larger than 20um caused large fluctuations in

the weight during each weighing period and alsc caused a

systematic error due to the large surface tension of water.

The distilled water was always boiled prior to -all measure-

- ments to remove air bubbles if it -had been sitting for

- more than twelve hours. = A copper block with plastic legs

was used as the base of the water beaker containing the

wire basket since. charging effects were also found to

- cause severe fluctuations in the Sartorius semi-microbalance..
Samples.to be measured were polished with 0.05um

alumina ‘and cleaned with acetone. The as cleaned samples

were weighed in air and then placed in air-free distilled

'Waﬁer;’ The samples were heated in the water' to the boil-

ing point of water and boiled until all air bubbles trapped

at the surface disappeéred. The samples were then trans-

ferred té the beaker with the basket: without exposing the

sémple to air. The Sample and wire were. then weighed sus-

pended in water, Precautions were taken to minimize'thé

air-water temperature differences and corrections were

made for effects on air and water densities. This procedure
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yielded densities with a standard deviation of +0.05%.

The procedure for high precision density determina-
“tions by hydrostatic weighing has been described by(79,80) .
They calculate the density of the material py from

Equation 4.7.

Py = 3 - 4.7

where ﬁA is the average weight of the sample in air,

p is the density of water at the prevailing. temperature

w

- and. barometric pressure, ww. is the weight of the sample

.in water and p, is the density.of air at the prevailing

temperature and. barometric pressure. | '
The x-ray density of"CdCrZSe4 -was calculated:using

the-lattice parameter measured, See Table 4.1, by using

'Equation 4.9.

<X

4.8

where M = 1is - the molecular weight (532.232grams/mole for

= 3 |
CdCrZSe4)'and v =§QZE , where aj 1is lattice parameter,

N is Avogadro's number (6.02 x 1023) and - z ‘is the number

of molecules per unit cell.

D = w2 (gm/cm3) 4.9
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4.3. Photoacoustic Spectroscopy

This report is concerned with the measurement of the

- photoacoustic signals generated in highly transparent
solids, thin films and powders using both laser and infra-
red blackbody sources of radiation; Due to the transparent
nature of these materials, however, only a minute fraction
of the incident light will be absorbed .and converted into
an acoustic disturbance. Consequently, it may be antiec-
ipated that the photoacoustic signals generated from

 these materials will be rather weak, even when using a
'laser source.

The employment of an IR blackbody radiation source
magnifies the problem. 1In contrast to the UV and visible
regionS‘df the spectrum where tunable lasers are readily
available, broadband sources of flux in the IR are basical-
ly limited to blackbody radiators, whose optical'péwer per
unit‘waveiength interval is orders of magnitude lower than
their visible counterparts. As a result, the photoacoustic
-signals generated in the infrared region by thé blackbody
source will also be extremely low.

In this investigation, it was therefbrelof critical
importance to optimize as many photoacoustic parameters
as was possible in an effort to maximize the signal to

noise ratio. In this report, the results of the optimi-
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zation procedures used in this study will be presented.
The various trade-offs encountered between the optical,
thermal electronic, and photoacoustic cell design param-
eters will be thoroughly discussed. Finally, a character-
ization of the frequency response, noise equivalent

power, waveform, temporal response, and linearity prop-
erties of the phétoacoﬁstic signal using carbon-black

powder ‘in an optimal cell design will be presented.

4.3.1.. Photoacoustic cell design

A diagram of the basic design of photoacoustic cells
used in this investigation is illustrated in Figure'459.
The interior- dimensions of the cell were 12.7 mm in diameter
by 1.2 mm thick. The microphone chamber and cell were cén-
“nected by an 11 ‘mm by-.89'mm«diameter.channel} The micro-
phone chambervdimensions were 25.4 mm diameters by .29 mm
high.  The total enclosed volume of the cell including
microphdne chamber was approximately 300 mmz. In some
cells, the thickness was reduced to .74 mm, in whiéh-case-
the total enclosed volume was réughly 240 mm3. Aluminum
was chosen as the cell material and Harshaw polycrystalline
polished NaCl flats were used for the window. The window
and samples were clamped against the cell bod? to form an-
airtight seal. Alternatively, when a greater degree of
permanence was desired, the window and cell were sealed

onto. the cell with beeswax.
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Figure 4.9. Diagram of the photoacoustic cells used-in this

investigation.
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Several considerations went into the design of the
photoacoustic cell, and various different configurations
were built and tested using opaque carbon Black sampleé.
Of primary concern was the maximization of the magnitude
of the photoacoustic signal, accomplished mainly by re-
ducing the total cell volﬁme.

From the theoretical analysis presented earlier, we
discovered that the photoacoustic ‘signal and cell volume
were inversely related. This relationship was tested ex-
perimentally using five cells whose volumes ranged from a

3 to a minimum of 150 m3. A plot of the

maximum of‘lO8 mm
photoacoustic responsivity at 100 Hz vrs.cell volume for
the. five cells.is presented in Figure 4.10. Inspection of
this graph shows that an inverse relationship does indeed
exist -for volumes greater than approximately 300 mm3.
Thus, it is seen that, in contrast to the theoretical pre-
diction, the photoacoustic signal does not tend to infiniﬁy
as the volume goes to zero. It also appears that there
is*an‘optimal cell volume which results in the greateét
photoacoustic responsivity at a particular modulation
frequency.

There are several reasons which might explain this
beha#ior., First and most importantly, we note that if we
neglect the microphone chamber volume, the physical dis;

tance between the sample and cell windows , v/g decreases

linearly with decreasing cell volume.  For cells whose
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’ Figure‘4flO.Photoacoustic'response vrs. cell volume.
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volumes are less than 300 mm3

, this distance is less than
1.2 mm. At the same time, inspection of Table 4,3 shows
thét'the‘length.of.the acoustic piston & /g , is .4 mm
greater than{/g at a modulation frequency of 100 Hz in
air. 'Thus, it is ‘important to note that assumptions made
in our theoretical model are no longer valid in the small
"~ volume regime. We also see that a significiant amount of
heat may be transferred by the gas to the cell window
since the acoustic piston is 1arger than the‘buffer_gas
length. In this respect, we may consider the buffer gas
as a tﬁermal short which conducts heat from the sample
t6 the exterior ambient environment. As a result, the
" average. temperature fluctuation in the gas is diminished
and the magnitude of the photoacoustic signal reduced.
This'hypothesis may be tested by employing the same
" cell and carbon black sample to monitor the photoacoustic
‘responsivity as a function of buffer gas. Inspection of
Table 4;3, for example, shows that helium has a thermal
diffusion length 2.85 times that of air. Thus, according
to (78), an increase in the photoacoustic signal of ~ 2.84
should be obsefved if helium were substituted for the
buffer gas. This prediction was tested with the céll
described above where &/g= .74 mm. The responsivity of
the cell was first measured using air as the buffer gas.
The cell was then disconnected frow fhe microphone to

allow an exchange of buffer gases, and left in a helium
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environment for one hour; At the end of this period, the
- cell was re-attached in the microphone inside the helium
environment and its responsivity measured. This procedure
was repeated three times. The results of this experiment
were that the photoacoustic response of the cell was smaller
using helium as é buffer gas by approximately 690. Thus,
it would éeem that the ihcréase in the photoacoustic sig-
nal, anticipated primarily as a result of the decreased
density of heliﬁm, has been more than cancelled out as a
consequence of the increased thermal shorting. Similar
trends verifying this behavior have recently been inde-
pendently verified (81), ,
Additional confirmation of the thermal short hypothe-
sis may be made by monitoring the photoacoustic response
of aAparticular cell asi/g iS'ieduced. “In practice this
was accomplished by adding more and more carbon black pow-
~der to the céll and monitoring the responsitivity. Our
‘theoretical predictions based on the ‘thermal short hy-
pothésis would be that the responsivity would decrease
when the powder virtually filled the cell. The experi-
ment was performed in a cell whose microphone channel ‘was
connected to the cell at the ﬁaCl window. When the carbon
black powder was added to the cell so that it touched the
window in several locatiéns, the photoacoustic response
decreased by a factor of more than 2; in agreement with

our thermal short hypothesis.
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Table 4.3. Thermal Sampling Depths for Various Materials

Sampling Depth

Substance .01 Hz 1 Hz 100 Hz 10 KHz
Air . 26 mm . 2.6.mm '-_260 pm 26 pm
Helium- .74 mm 7.4 mm 740 um 74 ym
Germanium 34 mm - 3.4 mm 340 ym 34 um
- Glass 4 mm 400-um' 40 ym 4 pm
CdCrZSe4 " 8.9 mm 890 ym 89 um - 9 Hm
CdCr,S, ~ llmm ~1lmm 113 ym 11 um
ZnSe 2l mm = 2.1 mm 206 ym 21 um

NaCl 11 mm 1.1 mm 108 ym 11 ym
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Additional dampingﬁmeéhanisms should also be con-
sidered; Viscosity and similar losses will be important
when the dimensions. of any acoustic propagation apertures
approach the dimensions of the damping skin depths (82)

which are given by:

vn e
Yo, Ywpg

where n is the Viscbsity of the gas (Kg/m-s€c). Table 4.4
lists the values of ld as a. function of frequency for

. air and helium. At 100 Hz, we see that the skin depths
are 47 um-and=l39‘um:for air and helium, respectively.
Since the ﬁinimum dimensions in the cell are 290 um in
the micrbphohe chamber, we see that viscous damping may
also have contributed to the decrease in photoacoustic
responsivity as the buffer gas was changed to helium. For
aif, however, the viscous damping forces may be neglected
since the minimum acoustic aperture is a factor of six
greater than the damping skin depth. It should be noted
that equation 4. 10 represents a limit on the size of the
-microphdne chamber volume and the connecting tube.‘ Un-
fortunately, efforts to decrease the volume of the micro-
phone chamber by reducing its height to "213 were not
succeésful, due to thé mechanical strength and stability

of the aluminum. As such, a total photoacoustic cell
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Figure 4.11. Acoustiballgain vrs. frequency for a resonant cell.
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5Iable 4.4 ‘Acoustic Damping Skin Depths for Helium and Air

_ Substance o o | Skin Depth

.01 Hz 1Hz - 100 Hz lOKHz
Air _ 4.7 mm - 470 ym 47 ym 4.7 um

- Helium ' ‘ 13.9 mm 1.39 mm 139 um 13.9 um
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3

volume of 7250-300 mm~ for sample diameters of 17.6 mm

may be considered as optimal.

Photoacoustic cells may be acoustically resonant or
non-resonant. The selection of one or the other is de-
pendent primarily upon the intended application. In the
. acoustically resonant cell, the minimum dimensions of the
cell must be approximately half the acoﬁstic wavelength of
sound in‘the buffer~gas; For air at 100 Hz, these di-
mensions are roughly 1.5 meters. Thus; we seéee that in the
resonant cell design, the total cell Qolume may increase
by as much as a factor'of-lO3 over the non-resonant cell.

. Since acoustical gains-in resonant cells.may typically
be on the order of 5 to 300 at the design frequency, the
net result is a reduction in the total photoacoustic
response by a factor of ~10 or more. However, it. should
be noted.that using appropriate designs, such as a Iong
narrow tube connected to the cell, the response may be
enhanced to the point where the resonant and non-resonant
responseé are approximately equal at the desigh frequency.
“Alternatively, -one might hope to increase the resonant
responée'by reducing the.cell dimensions and increasing
the resonant frequency. However; from our theoreticai
analysis of the photoacoustic effect, we found that the

1 -1.5 modulation fre-

magnitude exhibited either at f = or f
quency -dependence. Since the response is inversely pro-

_ portional to the cell volume we thus see that the. high
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frequency resonant response may actually be lower than that:

" the low modulation frequency case.

In this investigation, the non-resonant cell design
was ‘used exclusivelj for several reasons. From our analy-
sis above, it is readily‘concluded that there is little
to gain in the photoacoustic response by employing res-
onant type cells.. We also note that the resonant cell,
in most cases, does not significantly improve the signal
to noise rat?o, since the cell provides acoustical gain
for both the photoacoustic effect and any acoustical ndisg
which may be present in the environment. Any substantial
" improvement in the signal to noise ratio may only be
'realiZed if the photoacoustic system is 1imited’by factors
other than environmental acoustic vibrations. Unfortunate-
ly, as we shall see, most phbtoacoustic systems are acous-
tiéally noise limited, in which case thé“improyement in
the signal to noise ratio wili be miﬁimized.

The nonmresonaﬁt'hell configuration was also chosen
- for modulation frequenc? considerations. In this investi-
gation, it will be important to monitor the magnitude of
the photoacoustic signal as a function of modulation fre-
quency. In the non-resonant cell design, the acoustical
gain of the cell is, to a good approximation, a constant
independent of chopping frequency. However, in the res-,
onant cell, the gain is a strong function of frequency,

particularly around the resonance frequency as is shown

for
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in Figure 4.11.-This presents several problems. First,
the gain function affects not only tﬁe amplitude of the
photoacoustic signal, but also its phase. Thus, calibra-
tion and interpretation of results obtained in a modula-
tion frequency study would be extremelyldifficult, if not
impossible, to accurateiy interpret. Second, we note that"
for.frequencies-sufficiently removed from the resonance,
the photoacoustic signal is strongly damped. Thus, while
thé-reSohant frequency response may.be large, the off
resonant response may decrease significantly. Conse-
quently,‘forlthe'highlyvtransparent samples investigated
in this: thesis, the resonant‘photoacoustié signal detection
problems would be more severe. .Finally, the stability of
the chopper would become extremely important since a
small change in the modulation frequency around the res-
onance would give rise to a large fluctuation in the
photodcoustic signél.' Additional stability problems may
also -be encountered as a result of ambient temperature
variations changing the location of the resonant frequency.
.Suppression of spurious photoacoustic background sig-
nals is another major consideration in the cell design.
Spurious photoacoustic signals originate from the incident
light flux being absorbed at several .sources including the

cell walls, cell window, and the microphone membrane.84

1

These "false absorption" signals are extremely important,

especially in the highly transparenﬁ sample regime, since
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they: 1) are at the same frequency as the 'true' signal,
2) tend to be at the same phaée since both signals arise
primarily as a cohsequence of surface absorption, and
-3) may be much stronger than the "true' signal. Thus, the
-spurious signal is not only indistinguishable from the
true signal, but the latter may be entirely masked by the
photoacoustic background generated within the cell.
Several photoacoéStic cell parameters. were selected
in order to minimize the spurious background signal. First
of all, Harshaw infrared window quality NaCl .flats were
employed as cell windows. The total absorption of these
flats at 10.6 pm within a diffusion length of the -buffer
gas is ~ 1 x 10-5 at 100 Hz. ~As we shall see, this is
" approximately two orders of magnitude lower than the ab-
sorptances'we will measure in the germanium samples.
Thus, the NaCl windows may be considered to be essentially
tfansparent in the infrared wavelengths of interest. Ad-
ditionally, we notec that the Fresnel reflection loss for
" NaCl is small ( 4%/ surface) due to its 1.50 index of
refraction at'10.6 ym..  As such, light which sfrikes the
NaCl window on the ‘interior surfacé at an angle of inci-
dence less than the critical angle ( 42.1°) will be
tranémitted out of the cell into the ambient environment.
The main contribution of the.scattered'light, which origi-
nates‘fromfthe Fresnel reflection off the first surface of

the sample, will consequently be shunted out of the photo-
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acoustic cell without generating an appreciable background
'signal.

The material with which the photoacoustic cell is
made of may also be used to minimize background signals.
The cells used in these investigations were made of alu-
minum, which is highly reflective in the infrared region.
. At 10.6 ym, the reflectance of aluminum-i§'99%(é3)."Thus;
only 17% of the light scattered onto the walls can be
absorbed. 'The small fraction which is absorbed will
-simultaneocusly be heat sunk away from the buffer gas due
to the extremely large thermal coﬁductivity of aiuminum.
‘From (78) the relative magnitude of the photoacoustic
effect for a cell wall absorption is given by the product
(b /g ) (kg /kp) . For a germanium sample and aluminum cell,
we find that the photoacoustic sigﬁal generated from an
‘absorption at the cell wélls would be anactOr 6.8 smaller
than the photoacoustic signél geﬁerated*;y an equivalent
aBsorption on the surface of the germanium sample. Thus,
the cell walls may be considered to have an effective re-
- flectance of 99.857%.

The total amount of iight'incident upon the cell
walls can alsé be minimized by reducing the total cell
wall area and by decreasing the aspect ratio,lo /D, of
the cell. 1In the latter case, the total solid angle sub-
tended by the cell walls is reduced. It is interesting

to note that again it is ‘advantageous to employ the non-
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resonant cell design since the total interior cell surface
area is necessarily larger for the resonant cell configura-
tion. |
| An interesting observation may also be made regarding
the role of the buffer gas in reducing the background sig-
nal. Consider the case where lg =2"“g for two otherwise
identical cells filled with helium and air, resbectively.
From our preVious analysis, we note that the photoacoustic
cell responsivities should be equal in the two cases.
However, it is still advantageous to use air as the buffer
gas, since the background signal will be significantly lower
due to the smaller total surface area and the reduced
aspect ratio encountered in the latter case.

A portion of the interior surface in the photoacoustic
cell consisted of the steel microphone diaphragm. The
' absorptaﬁce of steel at 10.6 pm is ~7% (reflectance =
' 93%)(83). Even though the effective photoacoustic reflec-
tance iS‘someWBat'higher, the increased absorptancevof
steel may generate a significant background signal. Fur-
- thermore,; we note that microphone diaphragm absorptions
-will create an*additionalleléctrical signal due to the
thermal expénsibn of the diaphragm itself. As such, it
is iﬁportant to shield the‘microphone from scattered ra-
diation. 'This was accomplished by ﬁsing a small channel
oriented perpendicular to the incident irradiation to

connect the microphone and sample chambers . Although it
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is not diagrammed in this location in Figure 5-1, the.
top portion of the microphone channel often consisted of
the NaCl window itself. In this manner, scattered light
which would otherwise be waveguided into the microphone
was allowed to escape'through the window. It should also
be noted that an additional right angle in the connecting
channe; was added for the powder analysis, since the dif-
fuse reflectance of the powder is far greater than that
of the polished germanium flats used in the photoacoustic
scanning experiments.

The totél,backgroundAcontribution to the photoacous-
tic signal may be estimated if we assume that the inci-
dent' irradiance is perpendicular to the sample and that
the latfer is aLambertian-diffuseAreflector (exhibits a

‘¢oszeyreflectance), Expressed in absorptance units, the

false abSOrption;‘AF; is given by:

CAf T A T A+ A 4.11

- where
90

A= Rg (1-Rgp) J cos?t dg 4.12
ER

‘where A,is the false absorptance due to the window,‘Al
is the false absorption contribution due to the cell

"walls, & is the éngle of the reflected light relative to
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the sample surface, ¢, = sin-l (p/1) is the angle sub-
tendéd by the cell walls, Ry = (n-l)z/(n+1)2 is the normal
Fresnel reflectance off of a sample whose index of refrac-
tion is n, R,; is the effective reflectance of the aluminum
walls, and is the false absorption contribution dué
to the microphone. 1In practiée,Am << A7] and can be therefore
neglected.

Using &1 = 79.1° for the photoacoustic cells employed
in these investigations, we find that Ay is 1.2 x 1076

and 1.5 x 10'7 for germanium and sodium chloride samples,

respectively. Comparison of these results with the
~1 x lo-sleffeétive absorptance of the NaCl window re-
veals that the photoaéouétic‘cell-used‘in these investiga-
tions will have a background signal which is window.ab-
sorptance limited. A summary of the photoacoustic cell

'design considerations is presented in Table 4,5.

4;§.é._ElectrongQ§

The photoacoustic signal generated within the photo-
-acoustic cell is converted into an electrical signal and
amplified by means of a microphone and preamplifier. 'Due
to the extremely high input impedances required by micro-
phones, the electrical noise of the preamplifier may be-
come tﬁe doﬁinant source of noise in photoacoustic systems.
In this section, we describe the microphone and preampli-

fier circuits used in our investigations and discuss
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Table 4.5. Photoacoustic Cell Design Considerations

Parameter Minimize/Maximize Constraints
Volume minimize thermal diffusion length
viscous damping length
microphone size
sample size
Interior surface
area minimize thermal diffusion length
" viscous damping length
microphone size
-sample size
. resonant/nonresonant cell
cell thermal con-
o : . N ’ eri .
uctivity; density maximize material selection
cell reflectivity maximize material selection
- microphone response  maximize -microphone size
cell. volume
- preamp noise minimize Johnson, 1/f noise
Brownian motion of mike
window absorption minimize material -selection
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steps which were taken to minimize the electrical noise
contribution.

A B&K model 4144 25.4 mm diameter condenser micro-
phone was used to detect the photoacoustic signal. Con-
denser microphones operate on the principle that acoustic
waves, which are incident upon a parallel plate capacitor,
will cause the distance between the two plates to vary as
a function of time. Since the capacitance is inversely
related to the separation of the plates, the moving mem-
brane creates an-a:c. voltage fluctuation. For small
amplitudes, the voltage fluctuation is directly propor-
tional to the amplitude of the pressure wave, and a linear
conversion from the acoustic domain to the electrical

ignal domain is échieved.

The B&K model 4144 was. chosen primarily for the ultra
high, SmV/ﬁbar(SOmV/N/mz) sensitivity. Tﬁe minimum de-
tectable preSsurg in a miCrophone is most'often:limited
by the eleétrical noiée in ﬁhe preamplifier. The ‘elec-
,trical noise in the preamplifier, in turn, increases as
the gain of the preamplifier increases. Thus, a’high
sensitivity in the microphone is extremely desirable since
it effectively decreases the electrical gain necessary to
be able to detect the electrical signal. Consequently,
the ‘electrical noise contribution is diminished and the
- amplitude of the minimum detectable acoustic signal is

reduced.
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The frequency response of the B&K model 4144 micro-
phone(84) which is presented in Figure 4.12 is also im-
portant to consider. Inspection of Figure 5-4 shows that
the response is completely flat from 20 Hz to ZKHz.. At
5 KHz, we notice an increase in responsivity due to a
microphone resonance. Above the resonance, the microphone
. membrane becomes too massive to respond to the high fre-
quencies, and the sensitivity decreases. In our investi-
gations, only the 10Hz to Z KHz regime is used, and cor-
rections to the photoacoustic signal due to the microphone
frequency reésponse will be unnecessary.

A microphone preamplifier serves two main purposes.
First, it provides an impedance match for the microphone
in that it converts the high output impedance of the con-
dénserzmicrophone'into a low output impedance. Second, it
provides electrical amplification of the extremely weak .
a.c. signal,.thus enabling the output to be comnected to
more conventional signal detectors, such as oscilloscopes
and lock-in amplifiers. Both functions reduce the-glec-
trical noise signal since they minimize the contributions
of noisy amplifiers and reduce the antenna pick-up of the
high impedance microphones.  The design of the preampli-
fier, however, is often critical, since the main elec-
trical noise contribution will originéte from this
source. In our studies, where the photoacoustic sig-

' nals are extremely weak, it was necessary to design a
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special low noise preamplifier in order to.prevent elec-
trical noise from masking the photoacoustic signal. The
electrical diagram of the preamplifier is shown in Figure
4,13, |

There are several features of the preamplifier de-~
sign which warrant attention. The heart of the preamp is
a BF 800 low leakage (3 x 10716 amp vHz), low noise (25

nV vHz ), high input impedance ( 1014

Q) FET, whose pur-
pose is mainly to provide an impedance iatch to the micro-
phone. The outpﬁt of the FET 1is then, supplied,to an
emitter¥follower'transistor'combination,-which reduces'
the output impedancé»farther and provides a feedback loop
to fix the electrical gain at 10. The microphone itself
is supplied with a heavily filtered 200 VDC polarization
véltage, while the transistors are supplied with a filtered
20 VﬁC péwer.souréeL 'All of thé resistors are either wire
wound or metal film. With the electrical gain of 10, the.
overall microphone response is 50 mV/ubar (.5 oV /N/m?)

A unidque feature of the preamplifier design involves
the use of two 100 G2 resistors between the microphone
and the FET input. The purpose of the ultra large resistors is
twofold. First, they prevenf-charge.from leaking from
;he‘microphone. ASecond, they reduce the electrical
noise contribution of the preamplifier. The latter re-
sult is best illustrated by considering sources of elec-

trical noise in an equivalent circuit diagram, shown in
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Figure 4.l4a. Here, Vg is the a.c. photoacoustic electrical
signal, V, is the voltage noise of the FET, iR 1is the
noise voltage caused by the FET leakage current i, and
Vy is the.Johnson noise of the resistor. Inspection of
Figure.4;14ashows that Vg encounters a high pass RC
circuit to the FET whose -3db point is at wo=2 7f=
(RC)fl, shown in Figure 4,145, However, the Johnson and
leakage noise contributions see a high pass RC filter cixr-
cuit to ground. As such, the noise voltage'contributions
.0of the latter two sources 1is attenuated by 20 db (a fac-
tor of 10) per décade above.mo. At 260 Hz, for example,
these sources have been attenuated by lO3 while the micro-
phone signal remains uneffected.

‘The total electrical noise at the output of the pre-
amplifier (including the electrical gain of 10),-VT, is

given by:

2 4KTAB

+,il734+

Vp = 10. ( Vv,
w2c? w2C2R

eff 4.13.

where k is the Boltzmann constant (J/K),AAB is the band-
width. (Hz), T is the temperature of the 100 GQ resistors
x), aﬁdvgffis the effective noise voltage of the rest
of the preamplifier ).

Inspection of 4. 13 reveals the‘surprising’result

that the electrical output noise decreases as R increases.
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However, we note that asR » =, only the Johnson noise
contribution (the third term) goes to zero. As such, a
practical limitation on the value of R is arrived at when
the Johnson noise contribution is much less than tﬁe'other
sources. In the case under consideration, thié limit is
reached when R = 100 Gf.

' The frequency spectrum of the electrical noise in
the preamplifier was tested experiﬁentally by substituting
an equivalent 50 pf capacitor for the microphone and
monitoring the output with a lock-in amplifier. The
experimental result obtained is compared with the theoret-
ical design curve (given by (4.13)) in Figure 4.15. Agree-
ment.betwéen'the two is seen to~bezgenérally good. At
“low frequencies, the experimental result is higher due
to the 1/f noise in the electronics. At higher fre-
quencies, we see that the experimental values are lower
than the theoretical curve. This may be explained as a
conseqqeﬁée‘of the frequency dependence of the V, term
in 4.13 for the BF-800, which was unknown and could not
be taken into account in the theoretical curve.

It is'interesting to compare the performance of the
preamplifier to the theroetical noise limit dictated by
the Brownian motion of the microphone diaphragm, Vg

The latter is given by (85):
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1
8 kT o AB .\
vg = r (BKL 0 4B,
AT 4.14

where ¢ is the_mass density of the microphone ( g/émz),
T is the microphone response time (sec), and R is the res-
ponsivity of the microphone and preamplifier (V/ubar).
Substituting the values'appropriaté for the B&K 4144
microphone, we find that the Brownian noise voltage limit
is 100 nV/ YHz. ‘Inspection of Figure 4.15 shows that ‘the
preamplifier electrical noise is 200 nV. YHz, or a value
which iS'ohly a factor of 2 greater than the micro-
phone Brownian noise. limit. . | |

Finally, we note that the use of 100 Gf! resistors
required that adequate shielding be maintained in order
to. prevent antenna-like pick-up. - To minimize these dif-
ficulties, the preamplifier was enclosed in a metallic
case and the distance between the microphone and :the FET
-reduced to ~ 3 cn. FbrASimilar reasons, careful attention
- was alsb.ﬁaid.to the grounding circuit, which was laid so
that all grounds were comnected together at one physical

point.

.4;3§3;~ Acoustical noise’

" The minimum detectable photoacoustic signal is often

a function of the magnitude of environmental vibrations
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and sounds. The origin of these detﬁimental signals may
be traced to a variety of sources. A few of the most im-
portant are: building vibrations and sounds originating
from trains, planes, voices, air conditioners and fans,
doors' slamming, chopper blades, and vacuum pumps. In

the present investigation, where photoacoustic signals
‘are rather weak, it is important to minimize the effect
of these random signals.. Reduction of the influence of
acoustical noise on the photoacoustic signal may be ac-

. complished using several techniques.

The most effective method of noise reduction in-
volves phase sensitive or lock-in amplifier detection of
the phbtoacoustic signal. ‘Lock-in amplifiers measufe
only the frequency component of the total microphone sig-
nal which is within AB:of the referenced chopping fre-
“quency. Thus, .acoustic noises at frequencies different from
that of the modulation frequency will be severely at-
‘tenuated and their detrimental influence reduced. The
bandpass of the lock+in may also be waried so that the
effect of the random background signal may be decreased
to an acceptable level.

The noise rejection capabilities of the lock-in de-
tection scheme may be best illustrated by considering the
vicinity'of the laboratory in which this investigation was
performed. A frequently used railroad track .is located

approximately 50 meters from the lab, and an airport ap-
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proachway'for thé local airport brings large aircraft

within ~ 500 meters of the room. In spite of the fact

‘that both of these sources emit large quantities 6f low
frequency large amplitude acoustic waves, neither was
found to have any significant influence on the photoacous-
tic signal for modulation frequencies from 100 Hz to 2 KHz

at baridwidths of 10 Hz. Similar results were obtained for
most other identifiable sources of acoustic noise whose
noise spectrum was broad. These included an air conditioner,
vacuum pump, radio, and oscilloscope fan.

- Vibrations transmitted thfough'the-building to the
microphone were effectively minimized by placing the photb—
acoustic. apparatus.- on top of. a Newpbrt Research Honeycomb
optical table. Vibrations in the table resulting‘pri-
marily from the mechanical chopping motor, howevef,

‘proved to be more difficult to eliminate.  The effect of
this source was most.acutely felt at high frequencies,
where the chopper motor was rotating at speeds up'to
10,000 rpm. Consequently, chopper blades with up to 52.
teeth were used to obtain high modulation frequencies

while maintaining low chopper motor rotation rates. In.
this manner, the vibrations of the optical table were

kept to a minimum. It should be noted, however, that
chopper noises and vibrations could be virtually eliminated
.by using an ‘alternate source of amplitude modulation, such

as an electro-optic acoustic-optic modulator. - Unfortunate-
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ly, infrared materials and economic considerations pre-
vented-their use in this investigation.

Coherent sources of noise, which have the identical
frequenéy and a fixed phase relationship to the photo-
acoustic signal, should also be mentioned since the lock-
in amplifier cannot alone discriminate between these
sources. and the true photoacoustic signal. In this study,
the dominant source of coherent noise was the chopper,
"whose rotating fan blades generated acoustic disturbances’
at the same frequencies as the photoacoustic signal. 1In
principle, these effects could be eliminated by using a
~reflection mask evaporated oﬁto a transparent disk, or
by employing an'electro-optié or acousto-optic modulator.
- In the infrared region, however, material costs are high
and'prevented-the-implementation of these measures. As
such, the effect of the chopper was reduced.by placing it
as far away from the photoacoustic cell as possible. In
this manner, the stfength of the acoustic wave would be
reduced both by atmospheric absorption and diffraction
losses. While:extremely'simple, such measures proved to
be'satisfactory'in most of our experiments, since the co-
herent noise contribution was most often masked by other
sources of noise. Additionally, it should be noted that
it‘is.possiblerto discriminate between the photoacoustic
'signai and the coherent noise by~meésuring'the magnitude

and phase of the coherent signal alone, and vectorally sub-
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tracting the contribution from the total signal. In
practice, this may be accomplished by momentarily blocking
the radiation source from the photoacoustic cell and mea-
sgring the coherent noise signal. The frue photoacoustic

signal can then be related to the total measured signal by:

A=(Q = (1,-1)2)% 4.15
. = o -8 | 4.16.
6= tan™l ( Q/(I - I,)) Y

where.. A ié the in phase amplitude of the true signal

: Q is the in quadrature amplitude of the siénal when
the beam is tlocked.

I, is the in phase-amplitude of the total signal

I is ‘theé in phase amplitude of the signal when
.the beam is blocked

¢, is the phase "angle of the true signai

¢y is the phase angle of the total signal

§ 1is the correction to the phase angle due to
the noise 'signal

Finally, we note tha# the photoacoustic cell itself

acts to reduce the external acoustic noise. Aluminum is



-102-

a relatively dense material. As such, the acoustic waves
transmitted through the cell are attenuated by absorption
mechanisms. Also, the acoustic impedance mismatch between
aluminum and the air is large, resulting in the reflec-
tion, a major portion of the incident sound wave in an
.analogous‘manner to the optical Fresnel reflection for
highly refractive materials.

A plot of the frequency spectrum of the total noise
in the photoacoustic cell and electronics is presented
in Figure 4.16. Inspection of Figure 4,16 shows that the
acoustic noise is more than an order of magnitude larger
than the preamplifier electrical noise, and thus will be
the dominant mechanism limiting the minimum detectable
photoacoustic signal. We also note that the noise de-
creases in an approximately linear fashion as the band-
width of the lock-in amplifier is decreased.. Thus, it is
‘possible to reduce the total noise of the system by in-
creasing the time éonstant of the lock-in amplifier.

The noise level decreases as the modulation  frequency
increases. This is a result of the fact that low fre-
quency environmental sounds have much lower acoustic ab- -
sorption coefficients than higher frequencies. Thus, higher
frequencies are more severely attenuated as they travel
to the microphone membrane. A least squares fit to the
data presented in Figure4.16 reveals‘that the total

f-l.' 3 .

noise varies roughly as The analysis
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presented in (78) indicated that the photoacoustic
signal will vary as £71 or £-1.5, depending on the nature
"of the material. . Consequently, we see that in the first
case, the optimum photoacoustic modulation freqﬁency
which results in the greatest signal to noise ratio will
tend toward high ( “100 Hz) frequencies. 1In contrast, if
the photoacoustic signal varies as f“l's, the optimum
frequency will be at lower modulation rates. These con-
siderations will become extremely important when the op-
timum chopping frequencies are selected for the dual beam
photoacoustic spectrometer and scanning systems.

It should be notéd that Figure 4.16represents. data
‘obtained on a givenrdaylat a given time. Depending on the
exact time of ahalysis, the magnitude of the acoustic
noises was found to decrease almost an order of magnitude
from the values in Figure 4:16; This is illustrated in
Figure ﬁﬁl? where we monitor the acoustic noise at 500 Hz
as a function of time. ‘During the quiet period, the rms
noise voltage was approximately 180 nv for a bandwidth of
.125 Hz. However, during the noisier five minute span,
the rms signal increased by a factor of two or three. Un-
fortunately, efforts to locate the source of the additional
noise were often unsuccessful, possibly because of the
sensitivity and non-discriminatory nature of the human
ear. For example, inspection of Table (82) which re-

lates the output of the preamplifier with common noise
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Table 4.6. Output Amplifier Signal Levels Related to Common

Noises (adapted from»ref.;653.).

- Output Signal AP/P . dB . Common noise
- 100 nV 2 X 10712 =40 Brownian noise limit
10 wv - 2x 10710 0 Threshold of hearing
50 v 1077 13 Quiet forest
500 wv | 108 33 Library
5mv | - iO'7 - 53 Conversational speech
50 mV lO'6 73 - Heavy truck
500 mV 1070 93 _. aneﬁﬁatic*chbppef

sv - - 107% 113" . Jet take-off (100m away)
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levels, shows that a 300 nV signal would be 1oﬁer than

the threshold of hearing. Comparison of Table -4.5 and
Figure 4.16 also gives a feel for the tremendous sensitivity
of fhe photoacoustic apparatus used in these experiments,
and a physical feeling for the magnitude of the photo-

acoustic effect.

4.3.4. Characterization of the Photoacoustic Signal

A block'diagram’o£~the‘apparatus used to characterize
the photoacoustic signal is presented in Figure 4.18. The
fluxlfrom a 300 mW. TEM__ linearly polarized CO, laser was
amplitude modulated by a vériable-frequenéy chopper. and
directed onto a.photoacoustic cell filled with commercial
grade carbon black powder. . A diagram of the cell is
given in Figure 4.19 and is identical ‘to theAceils which
were used to obtain the infrared photoacoustic spectra of
powders, described later. The variable speed chopper
was controlled by a Heathkit regulator power supply, and
could be set for modulation frequeﬁcies‘from 10 Hz to
2 KHz‘using two different chopper blades. The photoacous-
. tic signal was fed into a PAR HR-8 lock-in amplifier, and
the output monitored with either a strip chart recorder,
or an oscilloscope. Fluctuations in the laser power were
monitored ﬁsing a Scientéch'model 380-102 calorimeter

which was placed in the beam at frequent intervals.
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effect.
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A.  Frequency Response

A plot of the responsivity of the photoacoustic cell
as a function of modulation frequency is presented in
Figure'4.éo.. There are several features of interest.
First and most importantly, we see that the photoacoustic
amplitude decreases monotonically with frequeﬁcy until
1-2 KHz, where it increases dramatically. The phase under-
-goes a 100 degree shift in the same region. Such be-
havior .is strongly reminiscent of an acoustic resonance,
even though the largest dimensions of the cell are much
- smaller than half of the 16 cm acoustic wavelength present
at 1 KHz in gas at STP. However, closer inspection of the
non-resonant cell design-reveéls that the microphone and
sample. chambers form a~cohfiguratibn known as a Helmholz
resonator; which is ‘shown in Figure - 4.21. The Helmholz
resonancéfbehavior is well known in acoustics, -and the

-resonance frequency of the cell, f5, is given by.(86).

A 1/Vo)nr2/ (L + mr/2)}%  4.18
- |

whére Vi and Vy are the volumes of the microphone and
sample chambers (cm3), r is the diameter of the connecting
‘tube (cm), and L is the length of the connecting tube (cm).
For the photoacoustic cell under conéideration,lvl =150 mm3,

Vy = 150 mm>, L = 11 mm, and r = .445 mm.  Substitution of
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Figure 4.21. Helmholz resonator configuratiCH‘geometry;
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these values into equation 4.18 yields a resonance fre-
quency of 1.36 KHz, in excellent agreement with the 1.5 KHz
resonance observed.

The Helmholz resonance observed is a broad and weak
effect, providing an acoustical gain at 1.5 KHz at not
a factor of 3 over what might be expected in a completely
non-resonant cell. As such, the analysis presented earlier
for non-resonant cells may be applied with only minor
modifications. It shduld be noted, however, that the
- resonance behavior may significantly effect the interpre-
tation of photoacoustic signal dependences on the mddﬁla-
tion frequency, especially at frequencies greater than
1 KHz.

A least squares fit to the data presented in Figure
‘4;20~;éveals a f'"asfrequency“dependence of the photo-
aQOuStic signal for‘fréquéncies between 30 Hz and 1 KHz.

' This dependence is slightly less than the -1.0 depen-
dences anticipated from theoretical analysis presehted
in (78). for highly opaque materials, and may be ac-
counted for if we assume that the photoacoustic signal ex-
periences a slight gain as é result of the tail of the
phctoécouStiCtresonance. Similar behavior has recently
been observed by Fernilius (86i5 | | |

At frequencies less than 30 Hz, the amplitude of the

photoacoustic-signal trails off from the -.85 frequency de-~
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pendence, and the phase again experiences a significant
shift. This is not likely the result of thermal shorting
from the carbon black to the window~and'photoacoustic cell.
At ld Hz, the thermal diffusion length in the gas is
approximately 840 ym, and the acoustic piston becomes sig-
nificantly larger than g/g. Also, the effect of a three
dimensional flow of heat may begin to appear at low fre-
- quencies, since a significant amount of heat may now be
transferred to the cell walls’instead of the buffer gas.
It is important to note the extremely high respon-
" éivities measured in the photoacoustic cell using carbon
black. At 100 Hz, for example, the response is 25 volts
‘rms/watt. Since carbon. black exhibits strong absorption
throughout the infrared, the photoacoustic cell may be
thought of as a broadband‘room‘temperature wide aperture
‘detector of infrared radiation. This fact, which we will
make extensive.use of in the.photoacoustic;spectroﬁeter,
~was recognized by Freese and Teegarden (86), Theif results

are summarized in- Table .4.6.

'B_~. Noise equivalent power of the photoacoustic cell

The noise equivalent powéf (NEP) of the photoacoustic
cell may be obtained by combining Figures 4,20 and "4.16
and -is presented as a function of frequency in Figure 4 22.
The noise equivalent power of the photoacoustic cell repre-

sents the amount of optical radiation necessary to produce
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Table 4.7. Photoacoustic Detector Characteristics

Operating temperature - 300K
‘Linear response o 0 to 500 mW, limited by
' preamp saturation
- Detector area © 2.85 cm?
Uniformity - : . + 5% over entire detector
- Frequency response ‘ 1Hz to 710 KHz.
Tiﬁg constant - - limited by chopping frequency

“1.4 msec demonstrated

: Responsivity (10.6 um, 1lKHz) 3.8 V/W incident upon
_ ‘'window, constant to
within + 3%.-at .6328 um
| and 1.06 um.
NEP .(1KHz, B=1Hz) '"best" - 75 nW
NEP (lKHz,aB=lKHz)i"best" ' . 3.7 uW

NEP (1KHz, B=1Hz) 'typical"” 1 uW
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a 1:1 signal to noise ratio, and is important to consider
since the NEP effectively sets a.lower limit on thé'optical
powers which may be uéed in photoacoustic investigations.
In the infrared, where-blackbody sources are orders of
magnitude lower than their visible counterparts, the NEP
is ‘of particular importance.

Inspection of Figure 4.22 reveals that the lowest
. NEP is found to occur. at frequencies between 100 Hz and
'1 KHz.. This is a result of the fact that the noise de-
creased as f-1.3 while the signal only decre;sed as £°-83
At higher. frequencies, the‘vib;ations of the chopper motor
became excessive, and the NEP decreased. Thus, it'wquld
seem that, when given 'a. choice, the optimum chopping fre-

‘quency lies around 500 KHz for this cell.

C. Waveforms

The.waveformslof the photoacoustic signal were investi-.
gated by feeding the output of the microphone directly into
an oscilloscope. The resulting oscillographs‘as a function
of frequency are presented in Figure4§23 a-h. At 20 Hz,
we seé that the photoacbuétié signal rises and falls in a
manner characteristic of thermal excitation and de-
excitation. The signal also seems to have approached
’saturation while the source was still on. This type of
behavior would be indic¢ative of other non-photoacoustic

energy transfer mechanisms, such as thermal shorting to
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the photoacoustic cell. ‘At 50 Hz, we notice that the
saturation effects are'neatly gone and the waveform now
approximates that of a triangular wave. Thus, it would
- seem that the thermal shorting is no longer significant
for‘freduencies-greater than 50 Hz. This supports
earlier arguments regarding the decrease in photoacoustic
‘response at low frequencies.

Around 400 Hz, on the triangular waveform has started
- to ‘degrade, and there is evidence to suggest that an ad-
ditional sighal at approximately three times the modula-
- tion frequency has been .added. At 500 Hz, the behavior is
not only magnified, but the 3f signal also appears to
have been phase shifted with respect to the fundamental.
This initially unexpected behavior may be explained by
‘considering the‘3f Fourier component of the incident
square wave pulse. At 400 Hz, 3f = 1.2 KHz and. the Fourier
component. encounters the Helmholz cell resonant frequency.
As such, it is amplified, “and shifted in phase. At 600
- Hz, 3f = 1.8 KHz, and the Fourier component ndt only ex-
' periences acoustic géin, but its phase-has been‘shifted by
lOOf}frém the fundamental. As a result, the. total wave-
form is noticeably asymmetric at 600 Hz.

At 806 Hz, we notice that tﬁé 3f component has al-
most completely disappeared, a result which may be ex-
- pected since the Fourier component is beyond the cell

resonances. At 2 KHz, only the fundamental frequency
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component remains, since the other Fourier components are
all too high for the microphone to respond. Thus, the

total waveform is nearly a perfect sinusoid.

D. Temporal response

The speed of the photoacoustic response was tested
by inserting a rotating shutter in the optical beam and
'_monitoring~the output of the lock-in amplifier with.an
oséilloscope, as is shown in Figure 4.24. The speed of
the rotating shutter was measured independently using a
Molectron P-1 pyroelectric detector, and was found to have
a 107% to 907% risetime of 100 usec. The modulatidn fre-
-quency was set at 1.3 KHz, and the lock-in time constant
set at 1 msec at 6 db/octave. The output of the 1ock~in
as a function of time is shown in Figure “%.25. The 10%
to 90% risetime was found to be ‘1.4 msec: At lock-in
time constants faster than 1 msec, ‘the output of the ampli-
fier fluctuated dramatically due to the 1.8 KHz modulated
signal. Thus, we see that the speed of response for the
entire lock-in photoacbustic detection system 1s limited
‘to times less than the period of the modulation frequency.
This fact will be useful in the next chapter, wheré we

consider photoacoustic scanning rates.

‘Ex Linearity
The linearity of the photoacoustic signal was ex-

amined by inserting a wire grid polarizer in the polarized
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CO, beam, and moﬁitoring the output of the lock-in as a

 function of incident laser power. The results are shown

in Figure ‘4,26 for laser powers up to 500 mW. Inspection

- of Figure 4,26 shows that the photoacoustic. signal is

" completely linear with power within experimental error.
”This,indicates that the sample is not being heated up to
a significént*amount above. ambient temperature, iin agree-

ment with our theoretical predictions presented in

(78). - These results-also. imply that, up to powers of
“500 mW, non-linear absorption mechanisms do not play a

significant role in carbon black powder at 10.6 pm.
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V. RESULTS

5.1. Densification of CdCr,Se,
. In this sectiﬁn the densification of CdCr,Se, will be

, described and results presented. Densification of powders
can occur by several mechanisms, either concurrent and se-
-quential. . Also, three stages of densification can be dis-
tinguished as shown in Figure- 5.1.

Figure §¢1vshows a typical compaction curve during
hot~pressing of CdCrZSeAAwith a particle size <lym.
The first region (1) 'is referred to as the initial stage,
‘where densification occurs non-isothermally,and isobarically
‘between 350 and ~710°C. Region II is the intermediate stage
at constant temperature and .pressure (~80MPa), and the third,
region III, is the final stage of densification at the highest

.temperature_(Tmax =“7SOOC) and pressure (Pmax= 350MPa) .

5.1.1. Initial Stage

During the ihitial stage of hot-pressing, after the
clamping pressure has been applied, the temperature isiin—
creased linearly to the final hot-pressing temperature.

During the heating period, rearrangement and fragmen-
tation of the particles occurs. The densifiéation rate or
shrinkage rate of CdCrZSea, ¢, during the initial stage is
' gréatly enhanced by the presence of selenium as shown in Figﬁre

5.2. Here the initial stage compaction of two samples with

different selenium concentration is shown. The increased
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" densification rate of sample a: is attributed to a
selenium liquid phase at 217°C = T < 685°C. Liquid
selenium facilitates the rearrangement of ‘the particies
and therefore acts as a lubricant. At T » 500°C
selenium has a vapor pressure of 34.3~x'103torr and it
begins to evaporate rapidly. This leads to the decrease
in densification rate as indicated by plateau A in |
uFigure'S.Z, Also, thermodynamic considerations of the
. pseudo-binary system CdCrZSeQ:Se} rule out the possibility

of the reaction of selénium with CdCrzse4 to form a

liquid phase since this-doeé.not occur until-about 890°C
(16). Therefore during the initial stage densification
does not occur by a liquid phase mechanism but by a re-
~arrangement and:- fragmentation of -the powders.

The absence of selenium in the virgin powders resulted
in a decrease in densification rate and final density at
the end of the-initial stage. A decrease in densification
rate is also observed in samples hot-pressed at lower
'fclaﬁping~pressures, as expected, See Figure 5.3:. It has
been observed that more selenium evolves from the powder
at lower clamping pressures. In samples free of a selenium
liquid phaée, fragmentation by brittle fracture is believed
to occur in all powders as it is observed in hot-preséed
'single crystals with a particle size 0.1-1.0mm, Figure 5.4.

(Fragmentation during the initial stage is detected by a

""elicking noise'" only in samples without free selenium).

Fine powders (<lum) ‘are found to have lower densities
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Figure 5.2. Effect of selenium on the densification behavior
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(a) virgin powder containing selenium and (b) excess
selenium was removed in. flowing He (99.999% pure)
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throughout the initial stage in‘comparison to the powders

Vith a p.s. < 20um and 102-_

lO3um, Figure 5.5. However,
the pure powders have higher densification rates because
of the larger number of.interparticie contacts and the
higher surface free energy term y/r to the driving force.
In-conclusion, selenium is found to enhance the den?
sification rate of . CdCrZSe4 duriﬁg the initial stage and
fine powders densify at higher rates during«this stage.
‘The coarse powders have higher initial densities but ;heir
densifiéation rate goes to zero after tﬁe first few minutes
implying the absence of high surface reactivity.‘ However,
although selenium increases the densification rate and
decreases the amount of decomposition, as will be seen in
’Section.5.2;2, it cannot be used as an inhibitor of def'
composition and to increase the densification rate bécause

it is deleterious to the optical properties.

- 5.1.2. intermédiate Stage

‘During the intermediate stage 6f densifiCatidn_thév
pbwders have relative densities ranging from 50% to. 80%
and densify at rates ranging from lO-Qvto ].O'5 per
second depending on the particle size,.temﬁerature and
applied pressure. Figure 5.5 shows that the relative
density at the end of the intermediate stage increases
with decreasing particle size. Also Figure 5.6 shows

that densification at T > 650°C is a function of temperature.



-132-

T T T
PARTICLE SIZE . :

80 - @ <lum
: s < 20um
A 102-103um

RELATIVE DENSITY D,%

70 |- | ]

60 ~ ' - T

50 - i
ol v 1
0 ' 0 20 30
“TIME, MIN.

Figure 5.5. Relative.density, D, of CdCr2Sey  during

600

500

400

. 300

the initial and intermediate stages of den-

sification for three particle sizes.

TEMPERATURE T, °C .



80 | | | T _e T50°C —

T7I0°C

~
o

685°C

RELATIVE DENSITY D, %

3

850°C

0 10 : 20

TIME, MIN.

Figure 5.6. Relative density, D, of CdCrzSeq.(p.s. < lym)

during the intermediate stage of densification
at T = 650°C, 685°C, 710°C, and 750°C.



-134-

It is found that during this stage, decomposition
of CdCrZSe4 into- the binary phases occurs according to

Equation 5.1a,b

cdcrySe (s) "987C cay_ CroSe,  (s) + xCd(g)ty/2Se,(g)
+ yVg, * xVéé 5.1a
s -700°C y < »
xCd(g) + y/2Se,(g) '+ xCdSe(s) + %(x-y)Se,(g) 5.1b

'The amount of decompositon is found to be a funCtion of _
relative density at 700°C as shown in Figure 5.7. As the -
relative density increases the amount of second phase
decreases. In samples with relative'densities~gfeatér

than 75% the seéond phase concentration is too-low-tg be
detected by x-ray diffractometry. Decompositon occuré;in
all samples hotrpressed with an initial particle éize >5um
under all hot-pressing conditions in the absence of a
selenium vapor préssure. -The excessive decomposition in
‘large particle size powders is attributed to the presence
 of large voids at all stages of densification, éven‘dﬁring
the final stage at D > 90%. Figure 5.8 shows'the k-ray
diffraction pattern of CdCr,Se, powder and hot-pressed,
CdCrZSe4.
The decomposition mechanism of CdCrZSe4 during

' hot—preséing was Verified by annealing experiments of

the powders and.the hot-pressed samples. CdCrZSe4 powder

and hot-pressed samples were annealed in a continuous

vacuum and sealed ampules at 500°C < T ¢ 700°C. These
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experiments showea that selenium and cadmium sublimed
individually onto the cold parts of the firing tube in
a continuous vacuum. In the sealed ampules selenium
and cadmium reacted to form CdSe after evaporation at
the cold ends of the ampuie. X-ray diffractometry of
annealed powders and hot-pressed CdCrzse4 always showed
the presence of the spinel phase and Cr,Sey but very
little CdSe thus indicating that selenium and cadmium
evaporate individually and not as CdSe.

Figﬁre 5.9a,b shows that decomposition df CdCrZSea'v
occurs between large grains. Also, once decomposition
takes place, unless there is a selenium vapof pressure to

drive Equation 5.2

CdCrySe, I CdSe(s) + CrySes(s) 5.2,
+Se

to the left, long densification times during the final

stage do not re-react the binary phases into the spinel

phase. Therefore the presence of second phases can.only

be reduced by trying to achieve higher ‘densities at the

end of the intermediate stége for submicron powders.

Figure 5.10 shows an x-ray spectrum of CdSe at a
grain intersection as shown in Figure 5.11. Figure 5.12
éhows the x-ray spectrum of the CdCrZSe4 surface for
comparison purposes. Cr28e3 was not observed at grain
boundary intersections and was not observed in the micro-
structure except in highly decomposed samples and in samples

highly etched in boiling 7O%HN03. Figure 5.13a,b shows an
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Figure 5.9. Optical micrographs of (a) polished surface
of hot-pressed CdCrpSes (p.s. < Sum) and
(b) of the etched surface in 70% HNO3+H202 at
room temperature. ‘
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Figure 5.11. SEM micrograph of CdSe in hot-pressed
CdCrZSeA. :
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(a)

(b)

Figure §5.43.

Optical micrographs of (a) polished surface
of over decomposed hot-pressed CdCrjSe, and

(b) etched surface in 707HNO3+H720p at room
temperature.
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' ove:decomposed region with both CdSe, . as the
light phase, and Cr28e3 with the plate-like structure.
Even in samples with ~3.5% Cr28e3, the 'Cr28e3 was
not detected by optical microscop?.‘ Overetched samples
however show that Cr28e3 forms atvthe §urfaces of the'v,
grains as is required by charge neutrality since cadmium'
and selenium evaporate to the pore§(87).

In summary, during‘the intermediate stage two
processes occur,concurrentl&:

(1) densification aided an evaporation condensation
' mechanism of the selenium and cadmiumvatOms-atb
the grain boundaries. o
(2) decomposition of CdCf28e4 into CrZSeB,ZCd(g)
and Sez(g) with the eventual reaction of Cd - .
and Se ‘into  CdSe 1if the densification rate is

not high enough.

'5.1.3. Final Stage

The densification raﬁe durihg the'final‘stage‘depends_
strongly on the particle size of the starting.powders,‘
the hot-preééing tempgrature‘and the aﬁplied pressure.
Figure 5.14 shows the densification behavior of CdCr25e4
as a function of particle size. The large particles
(O.l»-il;Omm) densify at very low rates (~10'6/sec) and

[~/

reach a final relative density of <90%, whereas the fine

powders densify at rates ~10’4/sec to densities greater

than 99%, Figure'5.14; The incom@lete densification

for large grain sizes is attributed to low material transport
because of the small surface areas and thus small driving

force and inefficient packing. Also, it is evident from
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the optical micrographs, Figure 5.16a,b, 0of regions :parallel
to the applied pressure that no plastic deformation occurs

in éingle crystals hot-pressed at effective stresses as

high as 575MPa. The absence of plastic deformation indicates
that. the transition from brittle to plastic behavior at

T < 750°C has not occured. X-ray diffraction further
supports the absence of plastic deformation. X-ray relative
intensities of the (220), (222), and (400) lines of powders
and hot-pressed samples vary only slightly, Figure -5.8,
within the experimental error, indicating that crystallo-
gréphic~texture is- absent, (no pole figure plot was obtained).
Figure 5.17 shows that for particles <20um hot-pressed at
282MPa and 710°C, very slight grain alignment along the
‘tensile direction is observed. However, since densification
of these powders.ﬁé D = 99.25% took 45-90 minutes and since
large single crystals do not show plastic deformation, the
observed alignment is attributed to a movement of atoms

frbm fegions in compression to region in tension by a

~ diffusion meghanism.

| It is difficult at this point to say what the main
~densification ﬁechanism for 'CdCf28e4 is at these tempera-
tures and pressures. But from the experimental data pre-
senﬁed<here, plastic deformation can be eliminated in all
stages of densification. Power-law creep as a possible
densification mechanism can also be eliminated since densi-
fication raﬁes as a function of pressure, Figure 5.18;show ‘

that for applied pressures between 192-282MPa, the stress



Figure 5.16.

(b)

Optical micrographs of hot-pressed CdCrjSey
single crystals (a) perpendicular to o5 and
(b) parallel to og3.
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Figure 5.17. Optical micrographs of hot-pressed CdCrjpSe,(p.s.<20um]
(a) perpendicular to o5, (b) parallel to R o

Oa.
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exponent n, Equation 5.3, . at a relative density
D =97.5% is ' 1.1£.1.

Ao - exp S .
o _ . 5.3

e =

The value n = 1.1+.1 1is in agreement with Newtonian flow
and hence diffusional creep. However, the grain size
exponent m determined for our material is ~0.75,

Figure 5.19,in disagreement with both the Coble grain

size eprnent of . 2 and the Nabarro-Herring grain size
exponent of 3. The disagreement is believed to be due

to the contribution of several mechanisms to the densifi-
cation. and also the preéence of second phases and non-
stbichiometry.

Further, it is found that during the final stage ‘the
deﬁsification rate, .¢, determined by % %% 'where D = relative
density, decreases with second phase concentration, Figure 5.20.
The decrease in the steady state densification rate is due
to second phase concentration at the grain boundéries and
grain intersectious. The separate effect of the second
phases has not been determined. But, because of the more
refractory nature of Cr,Se; (Tmp > 1500°C) compared to
CdSe - (Tmp > 1280°C) and its non-cubic structure, 'Cr28e3
is more likely to have a laréer effect. Also, microstruc-
" tural observations indicate that Cr28e3 - forms mainly at
the grain boundaries due to the decomposition mechanisms

and. thus decreases material transport across the boundary (88).
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Densification is a thermally activated process
as shown in Figure 5.21. The activation
enefgy for densification for the <1lum particles and
<20um particles is 27.5cal/mole and 29..1Kcal/mole respectively.
The diségreement of the activation energy for the two
particle sizes is attributed to non-stoichiometric effects
and/or to the relative contributions of the grain size

sensitive mechanisms. "Figure 5.22 shows that tewperatures -
of 700-750°C and fine powders are‘neéessary to achieve high
relative densities.

In conclusion, densification of CdCrZSe4 occurs

by rearrangement and fragmentation during the initial

stage. At T > 500°C an evaporation-condensation of
cadmium and selenium ions takes place with re-ordering of
"the grains. During the intermediate stage, evéporation

and condensation of selenium and cadmium leads to decompo-
sition with the formation of CdSe.

'During the final stage, the high atomic mobility of
selenium and cadmium along the grain boundaries is thought .
to contribute to the densification and also to decomposition
if the densification rate is not high enough. Also a
stress exponent of n = 1.1+.1 1is found for the <lum powders
in close agreement with Newtonian mechanisms. The activa-
tion energy for densification in 27.3Kcal/mole and 29.1Kcal/mole
for <lum and <20um particles respectively. Further, it
is found that second phases decrease the densification rate
and also prevent complete dénsification of CdCrZSeA.

Considering the experimental-data obtained so far~

submicron particles of CdCrZSe4 free of second phases
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are needed to achieve relative deﬁsities_greater.than 99 6%.
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5.2. Optical Properties of CdCr284, CdCrZSe4 & (l—x)CdCrZSA-xCdCr

5.2.1. Hot-Pressed CdCr284

Figure 5.23 shows the infrared spectra of hot-
pressed CdCrZS4 at T = 297K and 77K. There are three
main features to be noted. The first occurs at short
.wavelengths.. At room temperature there is -a broad
absorption band from 2.8um to 5.2um (0.24ev - 0.44ev).
As the temperature is lowered to ~140K thé-absorpcion
band shérpehs into three distinct bands A, B and C
at_energies 0.4ev, 0.35ev and 0.28ev respectively as
shown in Figure 5.23. .Then as the temperature is 16wered
below the Curie temperature (84.5K) to 77K the 0.4ev
band decreases as shown in Figure 5.24. These bands
are associated with sulfufldeficiencies introduced
during hot-pressing at a temperatufe of 900°C- and an
applied pressure of 234MPa. Since the bands are.be-
lieved to be due to sulfur deficiencies they are most
probably donor bands, Equation 5.5, ‘as also seen by

" Miyatami(59).

CdCr,S, (s) + 900°C CdCr,S, _(s) + § S,(g) + 2e” 5.5

The charge compensation as already discussed in Chaptér 3.
is accomplished by the formation of Cf2+,-Equation 5.6,
on the octahedral sites,

3+ L 2+

Cdcrzsq_x (S) + 2e g CdCrZ_ZXCIZX SA-X(S)

2

Se

4
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‘A second feature that is observed in many.sampies of hot-
- pressed CdCrZS4 is a very sharp absofption band, D,

at 0.29ev. This absorption band is attributed to carbon
monoxide trapped in the powder. The origin of the CO

is most probably from the mechanical pump oil. Samples
hot-pressed in a vacuum system with P < 10 %torr and

a liquid nitrogen cold trap did not show the sharp ab-
sorption band.

A third feature that is observed at longer wave-
lengths is an impurity reststrahl band at 9.3um. This
band is attributed to the reststrahl of the SOZ complex.
The sulfate ions are thought to form at high temperature
by the reaction of sulfur trapped at pores and oxygen
present in the powder because of an improper outgassing
procedure prior to hot-pressing.

- Finally, the fourth and most important features are
4the intrinsic multiphonon absorption bands at X >10pm.

- Two-phonon absorption bands have already been observed (35)
and combination phonon frequencies assigned tu them. In
this work additional absorption bands due to three-phonon
absorption were observed and a new assignment is made to
thie reported two-phonon absorption band occuring at

A = 12.5um (SOOcm_l). Figure 5.25 shows the spectrum of
hot-pressed CdCrZS4 at X >9.5um showing the multiphonon
absorption bands from 10.24um to 15.55pm. Table 5.1 lists

the two- and three-phonon sum frequencies assignments to

the absorption bands shown in Figure 5.24. The values of
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TABLE 5.1. MULTIPHONON ABSORPTION BANDS IN HOT-PRESSED CdCr284

WAVENUMBER/WAVELENGTH

ABSORPTION BAND , PHONON-, WAVENUMBER/WAVELENGTH
(F?PMBERQS) COMBINATION, | ,cm—llpm ‘ cm-l/um
5. 2 - THEORETICAL MEASURED
1 2T.0., 643.2/15.55 640/15.63
2 L.0., + T.0., 668.2/14.97 670/14.93
3 T.0.; + T.O., 698.8/14.31 1700/14.29
4 T.0., + L.0., 724.1/13.81 725/13.79
. i . !
5 IL.0., 779.8/12.82 775/12.90 i~
[\
R [
6 T.0., + T.0., + 795.5/12.57 800/12.5
7 L.0.; +L.O., + 834.1/11.99 - 830/12.05
8 T.0., + L.0.y + 863.5/11.58 870/11.5
9’ T.0., + L.0., + 908.8/11.0' 915/10.93
10 T.0., + T.0., + 938.5/10.66 1935/10.70
T1n 977/10.24 971/10.

30
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- the transverse and.longitudinal optical phonon frequéncies_
are listed in Table 3.4.

Therefore, in addition to the two-phonon absorption
bands three-phonon absorption bands are found to intrin-
sicélly limit CdCrZSA at A > 10um. Thus, it is necessary
to investigate otherAmaterialsvthat are not intrinéically |
iimited, Ih the next sections the optical properties of
CdCrZSe4 and ‘(l-x)CdCr254,-x CdCrZSe4 are'describéd.

5.2.2. Hot-Pressed CdCréSe4

Figure 5.26 shows a typical infrared spectrum of
hot-p;eSSed CdC:ZSea. At long~wavelengthé-the wavelength
dependence of the transmission is indicative of freefcarriefA
'abéorption. Also, a very strong absorption band at
A > 16.83um 1is present. This as already observed in
CoCr,S, and CdCréSa’(SQ) is-most»probably'duewtO'the
Cr,0,4 ‘reststrahl. At short wavelengths thegwaveléngth
dependence is. indicative of scattering. . o

In this section the sources .of oﬁticalzattenuatibn.
in hot-pressed .CdCrZSe4 are described and the.atﬁenﬁétionJ 
coefficient reduced. | |

A. Electronic‘Absorption.

Our experiments indicate that free-carriers éontri-
.bute to the . increase in absorption at A > 4.5pm with

wavelength. The temperature dependence of the absorption

at A > 4.5um 1is consistent with free-carrier quenching
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at liquid nitrogen temperature as shéwn in Figure 5.27.
Room témperaturé resistivity measurements also indicate
_tﬁat free-carriers are respoﬁsible for the high absorp-
tioﬁ at long wavelengths. Figure 5.28 shows that the
atteﬁuation coefficient at A = 10.6um 'ihcreases with
decreasing resistivityAaé expected. However, the attenua-
tion coefficient does not follow the classical’ 22 |
dependence: This is due to a number of factors.. The
most important in our case are the opt#cél scattering;
which will be descriﬁed in Section S.QWZB, aﬁd Cry03-
reétstrahl contributions to the attenuation coefficient.
‘Our experiments further indicate that the free-
carriers responsible for absorption at .long wavelength§
are associatediWith excess Selenium presént in-the
virgin powder. We have .shown that CdCr,Se, pcwdexs
formed by the co-precipitation of<hydr§xides and,5§~the
direct reaction of the binary phases contain frge
selenium. Upon hot-pressing free selenium gets trapped’
-at grain boundaries and_react§ with .CdCrZSea at high
‘temperature; The -reaction occurs as shown in Equation
- 5.6a. | o |

~710°
CdCr,Se, (s) + 3Se,(g) ~/50°C cdCrySey, (s) +

(5 - PSey(g) +2h°  5.6a
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| ¢ - 3 bbe
' CdCrZSe4+y(s) + 2h =~ CdCrz_zyCrzySe4

() 5.6

As. shown in Equation 5.6b charge compensation is .believed
to occur by the formation of Craﬁ
Excess selenium was observed by SEM in conjunction
~with an electron microprobe. Figure 5.29 shows an x-ray
spectrum of a pore filled with selenium. Also, since free
selenium has a high vapor pressure and reacﬁs readily
with H, it was- always detected as.a foul odor during
the grinding and polishing of the hot-pressed samples.
"Electronic absorption due to free-carriers was re-
‘duced by removing selenium from the virgin powders by two
" methods. |

(1) by treating the powders at T ~400°C 1in-a
flowing dry helium gas for 2 .hours prior: to
hot-pressing; A

. (2) by lowering the clamping pressure after the
. outgassing period from 78MPa to 19MPa during
the heating period from 350-710°C.

Removal of selenium during the heating period proved to be
more successful ‘and faster. Removal of free selenium from

the powders caused a decrease in attenuation coefficient

at long wavelengths with decreasing clamping pressure as

shown in Figure 5.30. The decrease in attenuating coefficieﬁt
was found to be directly related to the free-selenium evo-

lution during the initial stage of densification. As
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Figure '5.30. Room temperature infrared absorption spectra
of hot-pressed CdCrySe, (o, = 234MPa, T = 710°C)
as a function of clamping pressure.
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further evidence that free-selenium reacts with CdCrzse4
duringAhotjpressing»to create free-carriers is the
absence of free-carrier.absorption in the virgin powdefs.
Photoacoustic spectroscopy was recently used to obtéin
infrared specﬁra'of as grownipowdérs(78),' Figure 5.31
shows a typical infrared spectrum of CdCr,Se, (p.s. < 1lum)
showing a broad electronic absorption band at short wave-
lengths but no free-carrier is observed. Thus indicating
that selenium doping occurs during the hot-pressing
procesé.. However in powders formed from the Einary“secbndf
phases (p.s. < ZOuﬁ) free-carrier at long wavelengths is
observed, Figure 5.32. This is attributed to_the-long
reaction times.to form the pbwders and the eventual trapping
of selénium~during:thejgrowthlprocessf Treatment of the
powders in*fldwing. He. at 500°C removed some Seienium'gnd'
reduced free-carrier absorption as éhown'in‘Figure 5.33.
Hottpressing«time at the optimum hot~pressing tempera-
ture and.pressure,has been found to have an effect on -
the electwical resistivity behavior of hotépréssed
CdCrZSe4 below the Curie temperature} Figure'5;34 shows
the temperature dépeﬁdence of the electrical resistivity.
At low temperatures approaching the Curie temperature  the
resistivity changes slope and it increases with decreasing
hot-pressing time. This behavior indicates that the slope
is dependent on the cadmium and selenium deficiency.

Also, since the electrical resistivity behavior is indicative
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~of n-type conduction (27) selenium loss must be higﬁéf
than that of cadmium. - Calculations of the éctivatioﬁ
energy for extrinsic conduction(90) show that the acti-
vation eﬁergy’of CdCrZSea.'hot4pressed for t ='20.minutES
is 0.23ev. The value of E,6 = 0.23ev is in excelient
agfeement with the activation energy gf selenium de-
ficient CdCrZSe4':single.crystals(9l).

Figure 5.35 shows the .infrared spectrum of hot-
pressed ‘CdCf28e4‘~With a room temperature resistivity

3Qcm at'297K and 77K. Two important

greéter than 1.5 x 10
features must be noted here.  The first is the absorption
baﬁd at E ~0.23ev at liquid nitrogen temperature. This
band is associated with a selenium deficient band. ' This
is again, in excellent agfeemenf,withAthe published
data626;9l)'on single crystals and with the electrical
resistivity measﬁrements of the same sample."The second
feature to be noted-is a decrease of ~6c:m_l in. absorp-
tion coefficient at liquid nitrogen temperatures if the
index of refraction is kept constant. The decrease can

be attributed to a decrease in number of free-carriers

at grain boundaries and/or a decreéée»in.index of refrac-
tion. If it is assumed that the increase in f:ansmission
is due to a decrease in index of refraction a dn/dT of

~7 x 10-4/K,is obtained. S. Jacobs€l), however, found that

dn/dT for CdCrzsa was very small and not enough to

account for the change in transmittance. This may also
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be true in CdCrZS'e4 in which case the increase iﬁ trans-

- mission cannot be accounted for a decrease in n. And

the decrease in attenuation can be attributed to carrier.
quenching. |

In Summary;‘the large absorption in hot-pressed
CdCr,Se, at long wavelengths indicative of free-carrier-
~absorption was.found to be due to holes introduced by
excess selenium present in the virgin powders. Free-
carrier absorption was reduced by removing selenium from
the powders during the initial stage of densification.
The lowést absorption coefficieﬁt obtained at 10;6um
was 12.lc:m-l at room temperature. Also, Samples with ab- -
sorption - coefficients lower than 25cm°l at 10.6um were
found to have room temperature electrical reéistiyities

3Qcm. -In. addition, these samples

greater than 1.5 x 10
had an electrical resistivity behavior indicative of
n-type conduction with an activation energy for electrical

conduction of 0.23ev between .200K-297K.
B. Scattering

In the last section it was shown that the infrared
attenuation of hot-pressed CdCrZSe4 varies‘ve:y little
with temperature for samples with room temperature electri-
cal resistivities higher than 1.5 x iO3Qcm‘ as shown in
‘Figure 5.35. This indicates that the residual attenuation
is due to a temperature insensitive mechanism such as

scartering. Microstructural and x-ray dJdiffraction studies
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Etched surface of hot-pressed CdCrzse4 (<l¥m) .

Figure 5.36.
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.of hot-pressed CdCrZSe4 show ﬁhé; pb:eS»aﬁd second
phases, CdSe and Cr,Se,, are present as showr in
Figure 5.36 and Figure 5.8. Also infrared sbectro-.
photometry shows two strong. absorption bands-ét 16.3um
and 18.9um. These bands were. found to be due to

Cr,04 restsﬁrahl processes, Figure 5.35. The.valges
of T.0.4 and T.0., are in close agreement with the
publiéhed values of T.0., and T.O.2(92,93) of 16.2um
(618cm‘1).and 18.2um(550cﬁ-1)."Therefore-it is.most
likely thét the residﬁaljabsorption obServed'is»due.to
'scattering by pores due to incomplete densification,
second phases, CdSe and C:28e3, introduced mainiy
by ﬁhe decomposition of CdCrZSe4 during,ho;-pressing
4and.'Cr203 present in the as grown. powders.

’Figure 5.37 shows that the attenuation coefficient
at 10.6um decreases with incféasing porositylahd ﬁhat
densities,g:eatér-than 99.8% are necessary for attenua-
tion coefficient flcrn-l at 10.6ym. As shown in Chapter
5.1, porosity in hot-pressed CdCr.ZS'e4 ‘arises from in-
complete densification due to second phases in the as.
grown powders aﬁd‘from decomposition during. the intermédiate
stage of densification. Figure 5.38 shows that ‘the
attenuation coefficient at 10.6um increases with second
phase concentration. A least squares fit shows that at
zero concentration, according to x-ray diffractometry,
the attenuation coefficient is 14cm-l. This value

however is high because x-ray diffractometry is not
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I(&AO?CdCrzsea), vs attenuation coefTicient
at 10.6um in hot-pressed CdCr,Se, . ‘
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sensitive to conCentrations.less than ~1%. Figﬁre”5;39‘
further shows that decomposition ‘which is respomnsible
for the incomplete densification and therefore scattering,
occurs'during the intermediate stage of demsification.

The effect of incomplete densification caﬁ»also be seen.
in samples hot-pressed at temperatures lower than 710°C.
Figure 5.40 shows that the attenuation coefficient at
10.6ym is a minimum at a hot-pressing temperature of
~710°C. At4temperaturesglessAthan 710°C the material

does net densify completely and.less4rree—selenium:evaéA
porates during the soaking period. At temperatures'
~750°C more decomposition eccurs and thus the increase
“in attenuation. The effect of density and decomposition

" is also seen in samples hot-pressed at lower final
pressures as .shown in Figure 5.41. At lower finai pressures
more selenlum and cadmium’evaporate thus anreaSLng the

" amount of decomposition. At h1°her pressures on the other<
the high attenuation is attributed to gas entrappment

.and a'iower electrical resistivicy.

_As shown .in Section 5.1 fine powderS‘(p s. < lpm)
den51fy to higher relatlve densities than coarse: part1cles
(< 20um) and single crystals (0.01 -~ 0.lcm). TFigure 5742
shows that in hot-pressed CdCr,Se, with two particles
sizes and resistivities higher than 1.5 x lO3Qcm
scattering is much larger in coarse powders. This is

attributed to the incomnlete densification and presence
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of second phases at grain boundaries,

A further indicatiomn tﬂat second phaseé cause
severe scattering in hot-préssed CdCrZSe'4 is seen
in Figure 5.43. In these samples the second phase
concentration was changed by increasing the outgassing
time thereby losing selenium and aiding decomposition.
The selenium deficiency is clearly seen in the spectra,
Figure 5.4, showing the .wide absorption band centered at
~0.23ev. The scattering at short wavelengths is |
attributed to the higher concentration of second phases
and also to the larger size of . CdSe . as microstructureal
observations show. Cr25e3 is not detected by optical‘
microscopy nor. is it detecﬁed by’SEM with an electron
micfoprobe attachment. |

In summary, residual attenuation'inihot—pressed
CchrZSe.lp is caused mainly by pores and seCond phases
present mostly as a consequence of decomposition during

-hot;pressing.:
- 5.2.3, . Hot-Pressed (:].—x)CdCrZS4 'X'CdCIZSEA-

Figure 5.44 shows the infrared spectra of the physiéal‘ 
mixtures of as grown C_dCr?_Se4 and CdCrZSQ' fihe powders
(p.s.‘g lym). Three'feafures can be observed. As the
compositional parameter x 1increases the ‘attenuation
coefficient decreases. Also, the increase in absorptiom
at long waveleﬁgths with increasing wavelengths has a

different wavelength dependence. The decrease in attenuation
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. coefficient and the change in the wavelehgth'depéndehce
is attributed to a dilution effect of the free séleﬁium
in (1-x)CdCr,S, -x CdCr,Se,. Since CdCr,S, is formed

- by flowing H,S .over the co-precipitated metal hydroxide
powders ‘at temperatures as high as 925°C(17) it is most.
likely that the .it ié more stbichiometric, i.e. it does
not contain excess sulfur. . Chemical.analyses of‘similar
.as grown. powders of cdcrzsax carried out at Kodak |
. Research Laboratories show that there. is ~O;2Z excess
sulfur. However,.upon'hot—pressing at 900°C ‘and 234MPa
‘CdCrZSQ becomes sulfur deficient as Figure.5.24 shows.
Therefore, upon the formation of.the physical mixtures
.some excess selenium ions. are incorporated in CdCrZSA.
As a consequence the number of free-selenium ions produced
‘at the grain boundaries .is reduced and free-carrier ab--
sorption decreases witﬁ~composition.- fhe third'feature.
to note is the scattering at short waveleﬁgths; "For

x=0 the amount of scattering is much lower than the'mixed
powders. -This, as x-ray diffraction of the hot-pressed
materials show is due to the incomplete reaction of the
two compoﬁnds'to form a solid-solution and decompositioh‘
of CdCr,Se, into CdSe and Cr,Se, as shown in':
Figure 5.45. 1In addition, physical density measurements
show that the powders were not completely densified.
Relative densities of 99.5 - 99.7% were achieved for all
compositions. Whereas, relative densities greater than‘

99.9% were not unusual for hot-pressed CdCr,S, .



Figure 5.45.
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Optical micrographs of hot-pressed %CdCr,S,

%CdCrZSeA; (a) polished surface, (b) etched
surface.

(a)
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The mixed system (l-x)CdCrZS4 ;x CdCf28e4"was
hot-pressed using the same pfocedure as for CdCrZSeau
as indicated in Figure 4.6, with the exception of the
~final hot-pressing temperature and the clamping. pressure.
The hot-pressing temperature varied from 710°C for x=0

to 900°C for x=1, see Table 5.1. The clamping pressure

was maintained at ~80MPa both during the heating period. and
the intermediate stage of densification. The solid solu-
tions with x=0.5 were hot-pressed under the same conditions
Two-phonon absorption bands observed in hot-preséed |
CdCr,S, were reduced aﬁd shifted to longer wavelengths
by forming the salid'solutioné and physical mixtures. -
.Figure 5.44 shows the infrared absorption-sfectra with
the two-phonon absorption bands slightly shifted ana re- .
~ duced for x=0.95. For values greater than 0.95 the
two-phonon absorptibn bands were not.observed”beéause of
tﬁe Cr,0, reststrahl at 16.3um. Also, since 'Cf203
could not be removed from-the.samples, the analysis of
reststrahl and multiphonon absorption was not possible.
Preséntly the absorption coefficient of ;(l-x)CdCrZSA
*X CdCrZSe4 is limited by scattering by pores, second '
phases, possibly free-carrier absorption at long wavelengths
and by the Cr203 - reststrahl. | |
Thus, our experiments show that (l-x)CdCrZS4 *X CdCrzSe4
is extrinsically limited, addition of CdCrZSéal reduces '
pﬁonon absofptioné but its decomposition must be reduced

in order to decrease the attenuation coefficient.



TABLE 5.2. HOT-PRESSING TE-MPERATURE OF (l-x)CdCrzsa *X Cdcr2864
' (o, = 234MP4, t = 20min.) '

SAMPLE NO. (a + 1) a% 10. 6ym. H-P T COMPOSTTION
cm . c Cox
LKSSe0l 7.3 . 900 0.05
LKSSe05 14.9 - 18.0 800 0.5
IKSSe06 19.6 775 0.75
LKSSe07 43 - 750 . 04875
LKRSSe08" 18.0 90 0.5

~961-

Solid-solution formed at 670°C in vacuum for three days.
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5.3. Conclusions

C_dC.r?_:'S_e.,+ and (l-x)CdCrZS4 *X CdCrZSe4 have been
hot-pressed to relative densities of 99.6% and 99.7%
respectively. The minimum attenuaﬁion coefficient of
hot-pressed CdCr-ZSe4 obtained at 10.6um was 12.1cm-1.
af réom temperature. In (1—x)CdCrZS4 °X CdCr,ZS_e4 a

1 was obtained

minimum attenuation coefficient of 14.9cm”
for x=%. | |

At long w;velengths, the major absorbing mechanisms
in hot-pressed CdCrZSe4 ~were found td be free-carrier
absorption and <Cr203 reststrahl absorption. Free-carrier
absorption was found to be induced by frée-selenium;present
in the as.grown powders. Suppression of free-carrier
absorption was achieved by removing selenium from the powders -
during the initial stage of densification. The residual |
attenuation in ho;-pressed~ CdCr’?_Se4 .and (l-x)CdCtéSau
-x'CdCrz»_Se4 was found to be due to scattering by pores
and second phases (CdSe, Cr28e3, Cr203)and'Cr203 reststraﬁl
absorption. The pores are‘preseht‘because of iﬁcompléte'
densification due to the presence of second. phases in' the
as grown powder énd from decomposition mainly during the‘_
intefmediate stage of densification. | |

The data presented in this report show that materials
preparation is indeed very impoftant. SuBmicron single
phase powders are necessary to achieve complete densification.
Also, it was shown that the hot-pressing procedure 1is
critical in improving the optical properties. Specifically,

the hot-pressing process must be optimized in order to
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. prevent excessive éelenium and cadmium loss. This Vould
be especially importaﬁt for short'wavelength applicétiohs
since the selenium and cadmium deficiency bands .occur at
~short wévelengths. - This is also the case in ‘CdCr284 »
where a very broad.band is observed from 2.8-5.2um.
Materials preparation can be improved using higher
purity starting materials (CrOB, Ccdo), optimizing»;he co-
precipitation process and most important optimize the treat-
ment of the co-precipitated hydroxidesAinA_H2'+*%Se2 in
ordér to decrease the sécond phase concentration.
Solid-solutioné and pﬁysical mixtures of HCdCrZSA'and‘
CdCr,Se, with x < % were shown to be extrinsically limited
by scattering and possibly free-carrier absorption.
Further, it was shown that two—phonon‘absorption‘bands
were shifted aﬁd,reduced<in intensity with,inéreasing
" selenide concentration.
In addition, it was shown that. CdCr,S, is limited |
not only by two-phonon absorption but .also by three-phoﬁoq
absorptidn near 10.6um‘and‘a new three-phonon sum frequency

. combination was assigned to:the band occufing'at»SOOcm;A

instead of a two-phonon combination,

~ As a consequence of the data presented in this report
CdCr,Se, and the solid solutions of (1-x)CdCrZS4 -x.CdCrZiSe4
with x < % would be better candidates for applications
up to A = 10.6um. However extrinsic absorption still

‘needs to be reduced further.
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~VI. JINFRARED PHOTOACOUSTIC SPECTRA QF
TRANSPARENT 'SEMICONDUCTORS IN THE
- 'POWDER STATE FROM 1 um - 15 um
Quantitative absorption spectra-of highly transparent -
material in the powder férm are often difficult or impos-
sible to obtain usinggétandard techniques available todéy.
This is due to a variety of reasons including: 1) the
highly scattering nature of the powders, 2) the minute
'size of the individual particles, and 3) the high optical
"transparency of the grains thémselves ( 86 <<1 where 6 is
the mean particle diameter). For the high refractive in-
dex (n= 2.8 - 4.0)'matefials of interest in this investi-
gation, the pfoblem ié‘ﬁarticularly serious since the
"Fresnel reflection coefficients4are‘large,.the éowder ﬁar-
ticle sizes may be on the same order4asiiﬁfrared wavé-

lengths, -and 86 may be less than 10”4

."In'this-sectipﬁ
.we investigate the ability of the‘photoacoﬁstic<method'£6
overcome these difficulﬁies and obtain both qualitativg
and. quantitative informationAregarding the:infrared'ab- 
sorption properties of three highly transparent semi-

conductors in the powder form in the 1 - 15, m region

of the infréred.

6.1. Samples
Infrared photoacoustic spectra were obtained on three

transparent infrared semiconductors in the powder form:
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germanium, CdCrZSe4 and CdCrZSQ. The intrinsic grade ger-
manium poWders, which were obtained from Eagle Pitcher
Industries, were examined primarily because of‘their well
known optical properties. As such, the.photoacoustic
spectra of germanium may be used to investigate and vérify
the ability of the photoacoustic method to obtain infor-
mation regarding the physical and optical properties of

the powder.

Initial efforts to investigate the optical properties
of the spinel powders in the 1 - 15 ym region of the infrared
using standard transmissioﬁ and pellet techniques have not
been successful. In most cases, the single crystals were too
small to be able to employ standard spectrophotometric micro-
sampling methods. Attempts to implant a small concentration
of the powders in either KBr Nujol, or selenium pellets also
proved to be unsuccessful. Pellets made in this fashion were
often too opaque or too scattering to analyze, mainly due to
the extremely high spinel indices of refraction (3.15 and
2.85 for CdCrySe, and CdCr,S, respectively). When the
powder concentration was-reduced.to yield transparent pellets,
the quantity of powder used was not large enough to yield any
spectral information. Additional problems including the de-
structiveness and the non-quantitative information capability
of the technique also made the method undesirable.

The suécessful application of photoacoustic methods to

the analysis of the optical properties of CdCr,Se, and

CdCryS, would eliminate the three main difficulties en-
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countered in the transmission studies: size, sensitivity,
and scattering. From our earlier results, we found that
it is desirable to work with small sample sizes, since the
photoacoustic signal is strOnger for small cell volumes.
We discovered that the photoacoustic method is one of‘the
most sensitive techniques for measuring eptical absorption.
Also, since only the absorbed radiation contribute to the
photoacoustic signal, highly scattering samples present

no major difficulties. Additionally, as we shall see, the
photoaeoustic method is able to provide quantitative in-
formation regarding the optical properties of the powders.
Thus, infrared photoacoustic spectra would not only assist
in the understanding and .optimization of the hot-pressing
procedures, but also provide.the first quantitative measure-
ments of the optical aEsorption'coefficients of these ma-
terials in powder form in the infrared. 'The latter
capability is particularly important for studies concerned
with the asSesSment‘of'the suitability'of-CdCrZSea.for

| Faraday rotation isolator and other magneto—eptical ap-

plications.

6.2. Apparacue

‘In this séction we report the first photoacoustic
spectra ever. obtained in the 1 - 15, m region of the spec-
‘trum."Obviously,'infrared photoacoustic spectrometers

‘were not yet commercially available, and it was necessary
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The bottom disk supported the weight of the glower, while
the top disk maintained the glower in a vertical position.
Additionally, the top disk was constructed in a manner
which allowed the glower to expand during heating, thus
reducing thermg}ly induced mechanical stress. Asbestos
was chosen to reduce»tﬁe thermal contact between the 1500 K
glower and the aluminum holder.

Preheating of the ceramic rod was accomplished using
two tungsten heater wires wrapped around two ceramic
cylinders and mounted symmetrically on either side of the
glower. During the initial start-~up procedure, current
was allowed to flow through the tungsten wires.. After
the glower was sufficiently heated, the heater wires were
then disconnected from the power supply.

The heater coils, asbestoé disks, 'and Nernst glower
were all mounted in a cylindrical aluminum cell with an
open windowwdrilled»but. -In this manner, the glower was
protected from temperature variations (and thus variations
in the output flux) caused by local air currénts.

- The leads of the glower were connected in series with
-a 150 watt light bulb across line voltage (120 vac). The
light bulb, which has a positive temperature coefficient
of resistahce, provided a convenient ballast for the Nernst
glower. During operation, the glower consumed 70 watts of
power at an. a.c. current of ~ .8 amps . Finally; we note

~ .that the 60 Hz line voltage could be uscd in place of a



-202-

to construct our own. The design, operation, and calibra-
tion of the photoacoustic spectrometer will therefore be
described in the following sections.

A block diagram of the apparatus is presented in
Figure 6.1. Generally speaking, broadband laser sources of
radiation are not tunable over the 1 - 15 ym region of the
infrared. As a result, a 24 mm long by 2 mm wide PE-2
Nernst glower obtained from Buck Scientific was employed
as the broadband source of infrared radiation. The Nermst
glower is a thermal source of radiation and operates at
a temperature of approximately 1500 - 1800 K with an emis-
sivity of approximately .5. Thué, its output strongly re-
éembles that‘pf a 1500 K blackbody. The glower itself is
comprised of a proprietary mixture of zirconium, yttrium
“.and thorium oxides formed into a hollow rod(8é)."_1t'is an
extremely fragile device and must be mounted in a manner
which minimizes the effect of mechanically or thermally
induced stress. The. glower.also exhibits a large negative
temperature coefficient of resistance and reduires a bal-
lasted power supply of approximateiy 70 watts at 70 VAC.
‘At room temperature, the electrical resistance of the
‘glower is greater than lO9 Q. Thus, it is necessary to
preheat the rod in order to turn the device on.

- The Nernst glower was mounted in a specially designed
holder, diagrammed in Figure 6.2. The ends of the ceramic

rod were positioned in holes drilled in two.asbestos disks.
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d.c. pbwer supply since the large thermal mass of the
glower pfeveﬁted the emittence of the device from foi—
lowing the a.c. electrical power fluctuations.

The output of the Nernst glower was collected by a
£/2.8 Al coated front surface mirror, modulated by a syn-
chronous motor driven:chopper, and imaged 1:1 on the
input slots of a £/5.6 collection optics Zeiss double
prism monochromator. The disperéive element in the double
moﬁochromatof consisted of two KBr prisms, which were used
for their high transmission in the 1 - 15 pm transmission
region of intereét. The KBr prisms, which are highly hy-
groscopic and subject to atmospheric degr;dation, were
kept 5 °C above room temperature and enclosed in a.
steel shell to prevent their degradation. It should also
be ndted that; due to the size of theiprisms, only a £/9
cone angle of light could be dispersed in'spite.of.the
£/5.6 collection optics df the monochromator. This fact
will be ‘important later when the subject of photoacoustic
spectrometer optimizatibn is addressed, sincé the smaller
collection'anglé'implies that less total dispersed radia-
tion power is available for use in the generation of the
photoacoustic signal.

The wavelength of the radiation available at the exit
slits of the monochromator could be varied by turning a
dial which altered the angle of incidence of the KBr prisms.

" This system was modified for continuous scanning by at-
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taching a reduction gear train to the dial and driving the
_former ﬁitb a synchronous motor. In this manner, the time
necessary to complete an entire photoacoustic spectrum
~could be varied as circumstances dictated. Under normal
operation, the gear train was set so that a lym to 15um
spectrum could be obtained in ~ 75 minutes.

The outputAof the monochromator was collected by an
£f/4 40 cm focal length front surface coated mirror, split
into two.equal beams, and focused'onté the front surface of
two photoacoustic cells. The electrical output of the two
photoacoustic cells was then sent into two Ithaco 391A
Dynatrac lock-in amplifiers, normalized by a ratiometry
and displayed on a Honeywell strip chart recorder. During
normal operation, one of the photoacoustic cells was
fiiled with carbon black powder in a manner similar to that
discussed in fef, ~ (78) and acted as a detector of optical
radiation.. Employment of ﬁhe carbon black cell thus enabled
the photéacoustiC‘signal from the opposite cell to be nor-
'»maliZed»for incident power fiuctuations resulting from
either atmospherié absorption or Nernst glower instabilities.
- A photoacoustic detector was selected primarily because
it was the most sensitive large aperture room témperature

broadband infrared detector available.

6.3. Procedure

Approximately 100 mg of sample powder was placed in
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the optimized photoacoustic cell whose design was descriBed
earlier (78) ‘and Fig. 6.3 . The powder and cell were then
heated to approximately 150 °C for ~ 15 minutes to reduce
the=detrimental,influencés of any water which might be
present on the cell or in the sample itself. A new Har-
shaw NaCl window was then waxed into place, and the cooled
cell attached to the microphone in a manner which oriented
the cell window up. In this way, the powder did not come
in contact with the NaCl window. Also, by‘placing dif-
ferent samples in separate but nearly‘identical.photoacous-
tic cells, we were able to double check such factors as
reproducibility. and long term chemical decomposition with-
out disturbing the 'sample itself.

'In a dual'beam-spectfdmeterAwhich‘employs an inhomo-
geneous source (i.e., a source whose radiance and wave-
léngth dependence of radiance is a function of position on
‘the source; e.g., a Nernst glower), it is extremely im-
portant to insure that the beamsplitter divides the optical
-beanm symmetrlcally in -order to malntaln a flat 100% line
as ‘a function of wavelength. For example, consider a hy-
‘pothetical case where the hotter center portion of the
Nernst glower was imaged onto one detector, while the
cooler outer portion of the glower was imaged onto an
identical detector. The radiance of the two beams as
a function of wavelength would.noﬁ be identical; since the

"blackbody radiacion of the first beam would correspond to
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a significantly hotter blackbody than the second beam.
Thus, the ratio of the two beams would vary as a function
of wavelength.

This problem was minimized in the photoacoustic spec-
trometer by careful selection of the position and orienta-
tion of the refiective beamsplitter and Nernst glower. 1In
order to maximize the etenéue of the entire system, the
glower was oriented in a vertical manner such that its
long axis was parallel to the long axis of the monochromator
slits. It was.theféforevoptimal to orient the reflective
‘beamsplitter in a manner which sent the top portion of
the exit slits to one beam, while allowing the symmetric
bottom portion of the exit slits to propagate as the second
beam. The precise location of the beamsplitter was deter-
mined by measuring the total flux in the second beam, and
then positioning the beamsplitter at a height which yielded
exactly half the response as was measured from the full

‘beam. '

Once the beamsplitter was in place, the bosition of
the photoacousticbsample'cell was determined by visﬁally
inspecting the image of the source while the monochromator
was set for green wavelengths of light. Since all of the
optics in the photoacoustic spectrometer were reflective
and thus achromatic, the position of the visible image cor-
responded to the position of the invisible infrared

images. It should be noted that alignment of the monochro-
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mator optics was also accomplished using a similar tech-
nique only using a HelNe laser as the visible source.

Due to the dispersion of the KBr prisms which were
used, the resolution of the monochromator was a function
of both the slit width and the average wavelength at the
slits. Thus, it would be desirable to change the slit
width as a function of'wavelength in order to maintain
constant resolution over the entire scan. Unfortunately,
the cgnstruction, use, ‘and location of the three slits on
the Leiss monochromator made this goal impractical and
photoacoustic spectrum were recorded at a fixed slit
‘width. -In the regions of low dispersion, or in the cases

"where higher resolution was. desired, two separate spectrum
using different slit widths were often recorded. -‘For the
‘semiconductor»powderé investigated in this study, most of
the spectral features of interest were broad and well
separated. Consequently, the normal slit width employed
during photoacoustic spectra analysis was set for a reso-
lution of AM X = .1 at 10.6p m. |

‘Photoacoustic spectra were obtained by monitoring the
amplitude of the photoacoustic signal as a function of
wavelehgth at constant phase. The‘optimum phase angle was
determined by setting the phase dial to force a null |
reading on the lock-in-amplifier, then adding (or sub-
tracting) 90° to this value. Once determined, the phase

‘angle was not altered during:a @articular run. Tt should
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alsb be notgd that the lock-in paraﬁeters were set while
the photoacoustic signal was at a maximum in order to re-
‘duce lock-in amplifier errors. In almost alllof the photo-
acoustic spectraAtéken, a time constant of 1 sec was em-
ployed. Finally, we note that the spectra were recorded at
a constant lock-in amplifier setting (i.e., the diéls were

not changed during a run).

6;4. Spectrometer calibration

‘Calibration of the dual beam photoaéoustic spectro-
meter wasvaccomplished using two well known.sources of
absorption: 1) the atmosphere and 2) polystyrene. AACO2
.laser beam ( *#=.10.6 um) and Nd:YAG laser beam. ( A= 1.06 um)
were also employed. 'In the atmospheric absorption experi-
. ments, the beamsplitter was totally removed and the output
of the monochromator allowed to fall incident upon the
phoﬁoacoustiC-detector. The resulting spectra, obtained
at fixed slit width, is shown in Figure ~as a function
of the wavelength dial setting.
| Inspection of Figure 6.4, reveals several features of
intérest. First of all,‘wg'see'that the general envelope
function of the spectrum resembles that of a blackbody
"~ curve. Since the Nernst glower approximates a blackbody
source, the single beam spectrum indicates that our assump-
tion regarding the carbon biack and its role aS»aﬁ optical

~detector appears to be wvalid. The peak of the spectrum
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lies around 2.5y m which is a significantly longer wave-
length than the 1.9 ym value indicative of a 1500 K
blackbody. However, it must be remembered that the output
flux is a function of both the blackbody spectrum and the
dispersion of the KBr prisms. Inspection of the latter,
~which. is presented in Figure6.5. reveals thaﬁ the minimum
dispersion of KBr is at 4 ym. Thus, the wavelength of
méximum'radiatiOn will be shifted toward longer. wavelengths
in agreement with~ourAex§erimental findihgs.

We also noté that the short wavelength side of the
‘spectrum appears to be ﬁuch broader than a typical black-
"body curve.. However, this is a result.bf the extremely
high dispersion.of the KBr prisms.in the 1 - 2 ym region.
~As such, the shofter*wavelengths;are-"stretched”Aout to
fhe right.

Several atmospheric absorption,baﬁds are clearly seen
in Figure 6.4. These bands have been identified by com-
paring the transmission spectrum of the atmosphere(97) with

. the expgrimental speétrum, and the absorbing species
have been noted on the figure . Of particular interest

'is the extremely strong Co, band at 4.3 ym, which

is resolved better using a narrower slit width. This band
is readily identified by its sharp peak and its common
persistence in unequal path length dual beam spectropho-
tometers. The 6.0 ym and 2.7 ym water bands are also

clearly resolved. At shorter wavelengths, the atmospheric
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absorption bands were more easily seen during narrow slit
high resolution single beam spectra.

Additional calibration points, particularly at longer
. wavelengths, were obtained by using the dual beam photo-
acoustic spectrometer in a predispersive IR spectrophoto-
meter mode. In this case, the sample photoacoustic cell
was filled with carbon black with the result that the ap-
paratus was transformed into a spectrophotometer. A thin
sheet of polystyrene was then placed in one beam and the
transmission spectrum recor&ed.by monitoring the .output of
the ratiometer .as a function of monochromator dial
‘setting. This précedure was repeated for several slit
widths;.since~the transmission- spectrum of.pblystyrene,

- shown in Figure 6.6. contains several extrémely sharp
absorption péaks.

One of the sharpest and most often used polystyrene
calibration absorption lines is the 6.234 ym band (¢ =
1601.8 cm ). A . comparison of this band obtained from
the photoacoustic spectrometer and the same band measured
in a Beckman 4250 .commercial spectrophotometer is presented
in Figure 6.7. Examination of the two curves reveals that
the basic shapes are extremely similar. Iﬁ both cases, the
main absorption band and its side band are well resolved.
The two scales are slightly different and as a result, the
two bands do not exactly trace the identical curﬁe. How-.

ever, it is clear that the absorption bands are in good
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Figure 6.7. Comparison of the 6.243 um polystyrene absorption
~ bands obtained from thefphotoaCOustic*spectfometer (a)

and from the Beckman spectrometer (b).
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agreement, which indicates that the photoécoustic spectro-
meter is well aligned and operating in a known and pre-
dictable fashion.

.Two additional calibration points were obtained by
focusing. the-beams from a Nd:YAG (), = 1.06. ym) and a CO2
laser (.A=A10.6 Um) onto the entrance slits pf the mono-
chromator and detecting their presence at'the exit slits.
With extremely narrow slits, it was possible to locate the
position-of the wavelength dial to within ¥ 1/2 number. |

Using these procedures, it was possible to obtain a
. monochromator calibration curve which related the wave-
length at the exit slits to the dialvnumber of the mono-
chromator<wa§elength drive. The calibration~graph is pre-
sented in Figure 6.8.and is seen to be a well behaved con-
- tinuous’ function-from 1 to l&_um.z»At the .two extremes of
the curVe,‘whére X is less than ~ 2 ym or A is greater than
~ 10 ¥m, we note that the dispersion of the monochromator
increases dramatically. For constant slit sizej this im-
plies. that the resolution of the instrument is much greater
in these regions than in the intermediate wavelength re-
gime;<'Bdth'of~thése obsérvatipns are in agreement with
the KBr dispersion drive presented in Figure 6.6. As a
final note, we mention that it was possible to determine
the dial locations to within = + 1.5 numbers. As such,
the wavelength error will vary as a function of wavelength.
For 5, m, the uncertainty in thc absolute value of the

wavelength is T .1 um.
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6.5. Photoacoustic speqtra_of’gpfmanium>powder

Intrinsic grade germanium powder with an average
particle size of 112 ym was placed in the sample photo-
acoustic cell. The photoacoustic cell was then placed.in
the spectrometer and the normalized photoacoustic-épectrum
recorded from 1 ym to 15 ym at a constant slit width. The
"resultant Spectfum is shown in Figure 9-8 and may be com-
pared to the absorption spectrum obtained from germanium
flats which were presente& earlier in'Figufe 5-1.'AIn the
noisier portions of the photoacoustic spectrum, a line has
 been drawn through the rms value in order to aid-in the

comparison. There are several features of interest.

6.5:1. Qualitative features

Qualitatively, we note that there is a good overall
agreement between the general shape of both spectra. At
short wavelengths, the-photoacouétic spectrum easily de-
tects and resolves the Urbach tail(98,99) of the .9 ey
(A= 1.37 ym) energy band gap in the germaniumjsemicon—
ductor poﬁder. The tail is seen to extend‘fidm appfOxi-
mately 1.3 pm to approximately 3.1 ym, in general agree-
ment with the data repdrted for the germanium flats. At
longer wavelengths, a.general overall increase in the
photoacoustic signal is noted, particularly for wavelengths
greater than 5pym. This may be interpreted as the onset

of free carrier(33,42;83and multiphonent100=102)absorption
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and the general position and shape of the photoacoustic
spectrum agrees well with' the spectrum reported for the
polished flats. Particular similarities should be noted
in the increase in signal at 6 um, the flattening out
at 8.0 ym, the increasé and plateau at 9 um, the in-
crease and plateau at 10 um, and the dip and increase
‘at 11 um and 11.2 um respectively.

The only main discrepancy between general features
.observed. in the photoacoustic spectrum of the powder and
‘the absorption spectrum of the polished flats is an ap-
parent absorption peak in the former centered at 2.7 im.
However, és we shall see later, this is most likely at-
tributed to the presence of a minute amount of residual
-water .in the powder material, and -is not'of major conse-
qﬁence.

Some consideration should be given to the reproduci-
bility and signal to noise ratio of the photoacoustic
spectrum. In the 1.5 um - 10.5 um regiop, alllof*the
photoacoustic-spectra reported in this inVésfigation were
found to be reproducible to within } 1.5% provided that
the appératus'and/or lock-in was not seriously disturbed
or nudged out of alignment. Due to the spectral output of
the Nernst glower and mondchromator, the signal to noise
ratio was best in this region. For wavelengths less than
~ 1.5 um or greater than ~ 11 um, thé reproducibility of

the rms photoacoustic signal and the signal to noise ratio
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were both reduced, although the seriousness of the degre-

dation depended mainly upon the sample under investigation.

This result is a direct‘coﬁsequence of the reduction in
optical flux available at these extremes using the Nernst
glower source and KBr monochromator. It should be noted,
however, that both the reproducibility and signal to noise
‘ratio could be improved by decreasing the Bandwidth of
the lock-in amplifier and/of increasing the monochromator
slit width. ,Although the latter is only accomplished at
the expense. of spectral-resblution, the large dispersion
of the KBr prisms at the extrema wavelength regions often
pérmitted the use of wide slits without serious degreda-

tion to the spectral resolutionm.

6.5.2. Quantitative results

In infrared spectroscopy, it is often sufficient to

locate the relative size or position of spectral features in

order to ‘identify compounds or extract the information desired

- from the .spectral analysis. However, in many cases, it is.

of extreme importance to obtain quaﬁtitativefdatag~parti-

cularly. regarding the absorption coefficient of the material

under consideration. In photoacoustic spectroscopy, it

may be possible to extract the average absorption coefficient

of the powder particles”thfough the application of a

theoretical analysis. The analysis, shows that the photoacous-
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tic signal and the quantity 88 were related by:

AP = B8 (1 - 3 dexp (ut -m/4) | 6.1
where 8= attenuétion coefficient,§ = grain diameter and
where K is an unknown constant thch contained information
regarding the cell parameters and the thermal constants of
the powder material(78XI1t should be noted that K ié inde-
pendent of wavelength.

If we assume that the absorption coefficient of the
powder particles is known at a given wavelength and that
the near particle diameter is also known, then it should be
possible to calculate K and establish .an absoiute calibra-
tion . curve which relates the photoacoustic signal at any
wavelength to the optical absorption coefficient of the
powder grains.  For germanium, the absorption coeffie¢ient
of the powders'was unknown. However, it may be anticipated
- that the absorption properties of the polished flats and
.the pbwdErS»will be extremely close in spectral regions
which are not dominated by impurities. Thus, selection of
a calibration point should be made in a region of intrinsic
absorption. Furthermore, the photoacoﬁstié-signal-at that
wavelength should also be well known. As a result of
these considerations, the germanium powder calibration
point was chosen for A = 10.6 um, where 8 is assumed to

be the same value as it was in the large polished flats,
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1. The calibration curve, which relates the

B = .027 cm"
magnitude of the photoacoustic signal relative to the

10.6 ym value and the quantity (g6§) is presented in

Figure 6.10.

Using the photoacoustic spectrum and the calibration
curve, it is possible to obtain a plot of the absolute
absorption coefficient of the powder particles as a func-
tion of wavelength for the germanium powders. This spec-
trum has been calculated and is compared with the absorp-
tion spectrum of bulk germanium in Figure 6.11.

Comparison of the two 'spectra.shows remarkable agree-
ment between 2 ym and 10 ym. In most éases, the absolute
“values for the absorption coefficient agree well within the
" experimental ‘error of the photoacoustic data. -Increased
absorption is noted at 2.7 ym and 6 um. Theseitwd peaks
may be interpfétéd~as water in the germanium.powder, since -
‘the two most prominent water absorption bands match these
locations. The water most likely entered the pcwdérvduring
a paiticleAsizing proéedure, and apparently ‘did not
completely~evaporate,during the heating period when the
powder wéS‘placed_in'therphotoacoustiC1cell. The small

1 increase in absorption coefficient, however, in-

.002 cm~
dicates that the concentration of water is extremely low
in the powder.

Although there is excellent agreement between the

photoacoustically generated spectrum and the spectrum for
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the large optical blanks, major discrepancies appear for
wavelengths less than 2 um and greater than 10.6 pym. At
both of thesé extrema, the photoacoustic values appear to
be low by as much as an order of magnitude. These dis-
crepancies do not appear to be related to the higher ab-
sorption coefficient itself, since absorption coefficients
roughly of the same value agree well in other regions of
the. spectrum. For the same reason, the model should still
be valid up to absorption coefficients on the order of

10 cm ! due to the constraint that BS << 1.

The short wavelength and long wavelength problems may
be explained by considering the effect of the ratiometer
‘reading as both numerator and denominator go to zero:. Due
to the blackbody source and the high dispersion of the KBr
'in these regions, very little optical radiation is inci-
dent upon the photoacoustic samples. . As a result, the
photoacoustic signals in both the reference and sample
"beams tend rapidly toward zero in spite.of'ﬁhe fact ﬁhat
the absorption coefficient. of the sample incfease5~dramétical-
ly»at'bothushort'and long wavelengths. When the two weak
signals are fed into the ratiometer, a slight offset in
eithér the numerator or denominator can cause~an extremely
large error to be introduced into the quotient. For ex-
ample, if the denominator has & slight positive zero of-
set , the quotient will tend toward zero as the two signals

go to zero. Alternatively, if the denominator has a slight
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negative zerooffset , the.quotient will tend toward in-
finity asvthe signals go to zero. Thus, theAabsolute value
of the ratiometer is subject to considerable error in the
regions of the spectrum where the total optical power is
small. In the case under consideration, division of two
small signals resulted in a quotient which tended toward

- zero at both long and shorﬁ wavelengths. This result was
confirmed by blocking the optical beam at the entrance
slits of the monochromator and noting that the output of
the ratiometer went to zero. |

| Interestingly enough, itfshould,be noted that in
spite of :‘the zero effect problems, relative changes in the
.. spectrum are still recorded. Thus, we see that while the'

" large dip recorded in the photoacoustic spectrum at 11 mm
is incorrect in its magnitude, the position of tﬁe change
‘is maintained. Similar behavior was found to exist at
lénger wavelengths, and a.gbodfcorrélation was obtained
-between the location of changes in the:photOQCOustic signal
and the location of featureS'in the"optical-ébsorption

* coefficient spectrum. |

The good agreement between the photoacoustically gen-
"erated absorption spectrum and the optically obtained

graph provides support foftthe theoretical model developed
earlier. There were two assumptions implicit in the deriva-
tion of equation (6.1): l)-that the"particles be optically

transparent (i.e., B§ << 1) and 2) that the grains be
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thermally thin (8/ pg<<l). While the latter parameter is
not a function of wavelength, consideration must be given
to the optically transpareﬁt constraint sirice it may be
violated. in spectfal regions of high absorption coef-
ficients. A particular example is provided Hy-the ger-
manium spectrum, where B6 may be on the order of one or
.even. larger for the extremely high (102 - 1074 em™ by ab-
- sorption coefficients encountered in~the~band gap region
( A7 1.4 um).

For regions‘where s ~ 1, the analysis used to derive
equation (8-1) ‘breaks down. ‘Howevef, we note that for

slightly less - than 1, the grains approximate the photo-

" . acoustic case of being optically transparent and thermally

thin. As we saw.earlier, in this region, the photoacousj
tic signal should be proportional to g . When g >> 1,
the grains become photoacoustically opaque and the photo-
acoustic signal saturates at a valﬁe independent of
Thus, for extremely high values of g ( 1034104 cm-l) the
-photoacoustic signél resulting from the powdérs’shduld;
‘become independent of the absorption coefficient.

'In the germanium photoacoustic spectrum, the onset of
photoacoﬁstic‘saturation may be seen to occur around 1.1
ym. Careful studies where the zero effect was well ad-

justed in this region confirmed the photoacoustic satura-

tion.
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- 6.6. Photoacoustic spectra of CdCrZSeA.powder

Several different samples of CdCrZSe4 were manu-
factﬁred'in,our laboratory or obtained from Kodak Research
Labs (104) aﬁd analysed in the photoacoustic spectrometer.
The photoacoustic spectrum of CdCr28e4-Batch 20, which was
manufactured in our lab, is presented in Figure .6.12. and
may be. compared to the -absorption spectrum which was:
obtained from single.cfystals using transmission techniques
by Bongers and Zammarachi (36). The latter spectrum is
Agiven in Figure 3.3. Comparison of the  two spectra re-
-veals both similarities and differences in the general

shape of the curves.

6.6.1. Qualitati#e features

CdCrZSeA'is a semiconductor with an energy gap
0f 1.36 eV (‘A- .91 'um). The well-known Urbach tail
of'the’bénd‘gap'transition is clearly seen in both‘the
photoacoustic Spectfum”énd-the single crystal.data for
wavelengths less than ~ 2 .. The absorption coefficient
also increases in both- spectra at long waveléngths‘greatér
than - ~ 10 um. 1In the.single crystal data, this absorption
edge has been attributed - (36) to multiphonon absorption and

is a result of the fundamental lattice vibrations encoun-



RELATIVE PHOTOACOUSTIC SIGNAL

80 | | -

ioo l l N B S S B E— —

— | - 40 f————F— === Ss——— o= -

| R N SO SR S
106 2 3 4 5 6 T 8

© WAVELENGTH (pm)  ——— 777777777

Figure 6.12. Photoacoustic spectrum of CdCrpSe4q Batch 20 powder (virgin).

AR A



-233-

tered in CdCrZSe4. It should be noted. that, ‘in the photo-
acoustic spectrum, the onset of this absorption occurs at
~ 10 um, which is significantly earlier than the ~ 17 um
onset encountered in the single crystal mosaic spectrum.
This observation will be discussed in further detail later.
In the spectral regions between the band gap and the multi-
phonon édge;-both spectra appear to be relatively flat and
reach their minimum absorption values in the 7 ym - 10 um
region, Thus, the overall qualitative shape'of the.CdCrZSe4
Batch 20 photoacoustic spectrum-is found to be in good
‘agreement with the absorption features reported by others
for pure single crystals.

Close inspection of the photoacoustic spectrum, how-
ever, reveals some very important differences.between the
powder .and single crystal spectra. In particular, three broad
absorption .peaks centered at 2.0 ym, 3.0 um, and 4.5 ym
are observed in the powder spectra but not-in the single
crystal data. The firstvtwo features, ‘labeled a and b,
respectively, exhibit linewidthé'of approximately .2 um.
The third feature, labeled c, is extremely broad in nature
"and extends from ~3.8 um to ~ 5.5 ym. Since these ab-
sorption features are obviously sample dependent, it seems
likely that they may be related to impurities or non-
stoichrometries. Miyatani (46) for example, has pbserved
" similar type features at 2.0 um and 4-5pum in indium

doped and vacuum annealed CdCrZSeA. In his study, Miyatani
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éoncluded that the broad:absorption bahd at 4.5 ym could be
attributed to selenium vacancies in the crystal lattice,
while. the 2.0-Um_band'appearéd to be associated with the
inéium doping concentration. .

The .photoacoustic spectra obtained in this_investigé-
tion provide evidence which suggests that the 2.0 ym, 3.0 - -
uym, and 4.5 um.absorption“bands‘and the premature onset of
absorptidn at 10 ym may be attributed to an excess of
selenium in the-CdCrZSe4 powder. It has already been

noted that the onset of the long wavelength absorption in

. the CdCr,Se, Batch 20 powder occurred at a wavelength

(10 ym) which was significantly,éhorter than the ~ 17 n
onset observed for the single crystal mosaic. This in-
crease in absorption may be attributed to the existence

of free carrier absorption in the powder material. Free
carrier absorption results when_énergy is tranferred from
incident photons to free electrons or holes in-a lattice
(note: conservation of energy and momentum forbids a
complete tranfer of energy from the radiation to the per-
fectly free electrons or holes. However, any free electron
of hole'in a real lattice will interact with the vibrating
structure, thus permitting ﬁhe absorption of radiation).
Free carrier absorption has been observed in most semi-
conductors(105)and is characterized by a o spectrai de-
pendence, For classical models, n =2 (83).Howéver, semi-

conductors have been observed to exhibit a wavelength de-
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pendence which varies between n = 1.8 and n - 3.5 (105).

Close inspection of the photoacoustic spectrum for
CdCr,Se, Batch 20- for wavelengths greater than 10 pm re-
veals a monotonically increasing function whose shape is
highly reminiscent of the classical AZ dependence of free
- .carrier absorption observed in other infrared semiconduc-
tors. Indeed, this observation is supported by a least
squares curve fit of this portion of the spectrum. Using
the quantitative data presented later, we find a AD de-
-pendence where n= 2.2. Thus, it seems likely . that the
absbrption in this region may be attributed mainiy to free
'carrier,ébsorption.

Additional evidence which supports this theory and
clarifies the nature of the three absorption features at
2.0 um; 3.0 #m, and 4.5 um may be obtained by comparing
the photoacoustic spectra of several different powder
samples. The photoacoustic spectra of two other CdCrZSe4
powder samples is presented in Figure 6.13 and Figure 6.14.

In the first case, a portion of the Batéh 20 powder
discussed above was placed in an open ampule, heated to
500 °C and exposed to a continuous stream of hydrogen gas.
In .this manner, the concentration of selenium in the pow-

- ders was: reduced and carried away in the H,Se gaseous from

due to the reaction:

Se (s) T Hy (g)  HpSe (5y | 6.2.
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The heat treated.powder was then allowed to cool and
was placed in a photoacoustic cell and analysed. The
photoacoustic spectrum of this sample is presented in
‘Figure 6.13.

Comparison of this-photoacoustic spectrum with that
. obtained from the virgin powder reveals that two important
,changes ha§e taken place. TFirst, we note that while all
of the three absorption peaks at 2.0 ym, 3.0 ym, and 4.6 yum
still remain, their strength has;been‘reduced.5y~more than
a factor of two. Additionally, we observe that the_rela—
tive strength-of,all;threepfeatures has been reduced by
the same amount. As such, it would appear that all three
of these features are related to the concentration of
selenium in the powder material. Second, we note that the
free carrier absorption‘presént.in'the virgin.powaer in
the 10 m region has almost disappeared. Instead of in-
creasing mondtonicaliy from 10 ym on, the absorption coef-
ficient is actually'observed to decrease. However, care-
ful'and'fepeatéd'anéIYSis of the entire spectrum reveals .
that the classic AZ signature of free carrier absorption
- is.still present in the treated powder, but -only for wave-
lengths greater ﬁhén ~11.5 ym. A least squares curve fit
on the quantitative data presented later for the powder
reveals a n = 2.1 dependence in good agreement with the

previous fit.in the same spectralrregioni



- -239-

The shift of the onset of the free carrier absorption
is indicative of a reducéd concentration of carriers.
Since the only significant difference between the virgin
and heat treated pcwdefs is a decrease in the selenium
content in the latter, it fhus seems likely that both the
free carrier absorption and the three features observed
at 2.0 ym, 3.0 uym, and 4.5 um-are intimately related to
the séleniumuconcentration in the powders. Furthermore,

a decrease in the concentration was found to result in a
.decrease in the free carrier absorption. Since stoichro-
metric compounds may be expected to be more transparent
than their non-stoichrometric counterparts, the virgin
powder must therefore have contained a selenium .excess.
Finally, we note that an excess amount of selenium in
CdCrZSe4 would result in the formation of acceptors and
acceptor levels, ‘the latter being located at energies less
than the band gap of the semiconductor (90). Thus, it seems
~.likely that the absbrption features at 2.0 ym, 3.0 pm, and
4.5 Hm represent acceptor levels and that the free carfiers
responsible for the free carrier absorption are holes.

Additional evidence which supports these conclusions
is presented in Figure 6.14'where the photoacoustic spec-
trum of CdCrZSe4 powders ( 6= 100 #m) obtained from Kodak
Research Labs is presented. The spectrum has been ex-
panded by a factor of five over the brevious CdCfZSe4

- spectra in an effort to illustrate the influence of the
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~ three'acceptor levels observed in CdCrZSe4 Batgh 20 powders.
Careful inspection of Figure 6 .12 reveals that all evidence
of the three discrete peaks has vanished. At the same
time, we note that the long wavelength free carrier ab-
sorption has also .disappeared. The photbacoustic spec-
“trum, even under repeated and close scrutiny, was found to
" remain flat to ~ 13 pm. Thus, thé.relationship-between
. the selenium acceptor levels and the free carrier absorp-
‘tion in CdCr,Se, is confirmed.
It should be noted that the excess selenium and free

- carrier absorptions relationship may not necessarily be a

‘one to one correspondence. Wé have found that the exis-

- tence of the éxcéSSaselenium in CdCr,Se, gives rise to

free carrier abéorption. ‘However, ‘it is possible that
. free carrier absqrftionuin:CdCrZSe4ican also result from
other nonéstoichiometriesAor impurities. Thus, the ab-.
- sence of selenium acceptor levels does not necessarily
guarantee the absence of free carrier absorption.

Finally, we note the observation of an extremely broad

absorption ‘peak 'in the Kodak CdCrZSe4‘powder spectrum from
“2um to ~5um. The origin of this peak is not clear.
However, the peak has been observed only in the Kodék pow~
ders, and may be attributed to an impurity, donor, or
acceptor level which is related to the method or materials

used to manufacture the powders
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6.6.2. Quantitative data

It may be possible to obtain quantitative. informa-
‘tion regarding the absorption coefficients of the‘CdCr28e4
_powders by using the same technique employed for the ger-
manium powders. Although the absolute absorption coef-
ficient of the powder is unknown, a suitable calibration
point may be selected from the single crystal data
~if care is taken to insure that the absorption at the
wavelength is intrinsically limited. In this. manner, the
calibration point should be fairly independent of the com-
positidn or purity of the material, regardless of whether

it is in- the single crystal or powder form. For CdCrZSea;

the calibration point selected, 8 = 50 cm-l at » = 1.19 mn,
was located on the intrinsic Urbach tail of theiband gap
transition from. the data obtained from the single crystal
mosaic by Bongers and Zanmarchi (36). :

' The quantitative photoacoustic spectra of the virgin
and heat treated CdCrZSe4 powders is presented in Figure
6.15. ' For the virgin powders, we néte that the minimum
.ébsorption coefficient~is 3.0 cm-l + .2 cm'l at a wave-
length of 7.5um.” For the heat treated powders, the mini-

L at 106 m.

mum absorption coefficient is 1.9 em L+ .2 em”
'Thus,; the removal of excess selenium is seen to improve

the optical quality of the powders and decrease their in-
frared absorption coefficients. At 10.6yu m, the improve-

ment is roughly a factor of two. The result agrees with
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physical intuition and our previous conclusion regarding
the detrimental influence of excess selenium on the infra-
red optical. absorption coefficient in CdCrZSeA. It also
-proﬁidesvevidence to support the ability of the photoacous-
tic method to obtain quantitafive data regarding the op-
- tical properties of powders.

It is-intéréstinguto compare the absorption coef-
ficient data obtained from the heat treated powders. with
that of the single crYStal-mosaié. In the latter case,
the lowest absorption coefficient is 13 cm™! in the 8 - 16
pm region of the spéétrum.‘ This is a factor of "7 higher
than for our powders. Howevef, Bongers and Za’nmarchi109
attriﬁute~this;high value to reflection and/or scattering
losses-whicﬂ they -encountered in.their transmission
methods . Thus, the true absorption, as would be measured
‘in'the photoacoustic -techniques, is probably lower. The
lowest reported absorption coefficignts fqr CdC:ZSea
singie crystals is 4 cm~l(37); Thus, our photoacoustic re-
‘'sults on powder samples are in general agreeﬁent with those
reported in the literature. However, it should be em-
phasized that the literature values were obtained using
transmission techniques, and are therefore succeptible to
considerable error due to the influence of scattering
"~ or reflection losses. 4
| It is also useful to compare tﬁe absorptioﬁ coef-

ficient of the powders with the attenuation (includes
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scattering) cdefficients of the final hot-pressed elements.
. To date, the best hot-pressed attenuation coefficients at |
10.6 ym and room temperature have been ~ 15 cm-l, or a
"value which is an order of magnitude larger than the
starting powder; X-ray analysis of the two samples re-
veals that second phase impurities are roughly the same in’
both cases. However,; density measurements on the hot-
pressed samples show that the latter is only -~99.5% of
the theoretical value. Consequently, it appears that the
attenuation coefficient of hot-pressed CdCrZSeA'at 10.6 ym
i$ limited primarily by scattering and trapping mechanisms
-resulting from an incomplete densification during the hot-
pressing process and not by absorptionAdue to=starting

powder impurities or non-stoichrometries.

6.7 Photoacoustic spectra of CdCIZS4

The photoacoustic spectrum of CdCrZS4 powder ob-
tained from Kodak-Research-Labs is presented in Figure 8-16.
It may be compared to ‘the generalized ‘absorption spectrum
- obtained by Jacobs(l) in Figure 6.17; and the 'absorption
spectrum obtained using transmission methods on one of
the hot-pressed CdCrZSA.samples in Figure 6.18. Compari-
son of ﬁhe'three figures reveals that the features in the
photoacoustic spectrum are similar‘to‘thosé‘ObServed in

the .other two spectra.
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6.7.1. Qualitative features

At short wavelengths ( <3 pm) we note the'preseﬁce
of a strong absorption in all three spectra. Considerable
work has been conducted to show that this absorption is-

attributable to a.1.62 eV( A= .76 um) Cr-T

crystal field
- transition rather than the 2.5eV( A= .49 ym) energy
‘band gap of‘CdCréSeA(Iosﬂllzj,In the photoacoustic spec-
trum,-theltail_of the crystal field transition‘extends

- down to roughly 4.0 um in good agreement with the pre-
viously published data.

In addition. to the Cr3t

crystal field transition,
several other abso:ption.peaks are observed in tﬁé photo;

- .acoustic spectrum and they havgrbeen’labeléd é, b; c, d,
~and e in Figure 6,16: - The feature labeled "a" is located
at A=1.2um (.97 eV and may be relatéd,to.the:stoiChrof
metry of the powder.»~Miyatanik4b)kfof example’, -has seeﬁ :

an‘absofpﬁion feature at the identical wavelength for a

sample of Sulfur-deficient,CdCrZSA. .Ouf»experiments,"
- which indicate that the strength of this ?eak.vafies%aé,a
. ‘function of powder samplé, wéuld support this hypothesis.

| The origin of the '"b" and "c" bands at 2.5 'm and 4.5

u m, respectively, seem td-be impurity~;elated.‘ Both

featurés.have been observed in the hot-pressed.eléments,
and considerable variation in their strength has been

noted from sample to sample. It.is.interesting to note

the the location of the 4.5 ym peak is the same as that
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observed for an anomaly in the Faraday rotation of CdCrZS4(113),
Wittekock and Bongers (113) and‘othe1342)howevef,vwere unable
.to identify the absorbing sﬁecié and simply attributed the
feature to an unknown impurity. Our observationé would
-support thisAhypothesis.'.However, it should be mentioned
that ghese_authors did not see the 2.5 ym band in their
investigations. Consequently, it seems likely that the two
peaks, if~fhey can indeed be attributed to impurities, are
-related to two separate impurities.ﬂ.Finally; we mention
that eréy analysis of the powders did not reﬁeal any

second phases present.

The extremely large absorption feature_at 8.5 um is
~similar tO<ébsorption,bandsAseen‘in the hot-pressed
sémples.--IntereStingly enough, the :absorption band was
- observed ;o'be far stronger in the starting powder than

in the hot-pressed elements. Indeed, théﬂband.waSNnot
"even observed. in many of the hot-pressed samples. Thus,
it,apﬁears that the‘hotépressinghhas'actually.improved the
optical quality of the powder;»é fact which~may»help to
"clarifyﬂnbt only the origin of the band, but also the de-

tails of the hot-pressing process.
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In particular, we note that the class of so called oxy-
sulfate impurities exhibit an absorption peak around
9.0 ym(113)in good agreement with the peak ''d" observed
in the photoacoustic powder spectrum. If we assume that
a slighﬁ excesé of sulfur is present in the initial starting
powder, then it is possible that the sulfur-oxygen sub-
stitution could be completed during the high temperature
phase of the hot-pressing process, thus resulting.in a
purer final hot-pressed element and a reduction in the
8.5 ym oxygen related absorption baad. Since the experi-
mental evidence confirms the latter prediction, it there-
fore seems likely that the origin of the 9.5 um absorption
feature lies in oxygen related impurities in the starting
powder which exist poéSibly as a result of the incomplete
formation of'CdCrZS4 in ‘the intital powder preparation
procedure.

Severai small peaké labeled '"e" were also obserﬁed
at wavelengths greater than 9.5 um. These features are
.~ located -at the same wavelengths as similar‘peaké in
‘the hot-pressed elements and have been identified as the
élassic signature of multiphonon ébsorption'also shown in
Figure 5.25. The existence of-absorption'bands‘at sum and
difference ffeqﬁenciesAof-fundamental lattice vibrations has
beén well established in several semiconductors, including
ZnSe, ZnS, GaAs and others. Applying a similar analysis

to CdCrZSQ, we find an' excellent agreement between
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the. positions of theoretical and observed two and three

phonon absbrptién peaks, see Table 5.1. We also note that
these peaks were observed in every CdCrZS4 sample investigated
at the same strength. Thus, we conclude that they are intrinsic

and. the result of multiphonon absorption.

6.7.2. é;;ﬁggtatiVe-ééta

It may be possible to obtain quantitative information
about the absorption coefficient of the CdCr,S, powder
grains if an appropriate calibration point can be found.
Although previous datalis not available for CdCr,S, pow-
-ders, Jacobs(l).has reported a minimum}absorption coef-

1

ficient of 23 cm - at 1.06 ym for hot-pressed samples.

Since this wavelength is located on the intrinsic Cr3+
crystal field traﬁsition, the absorption coefficient may
'be'expected-to be relatively independent of sample purity
and thus appropriate for use as the photoacoustic¢ spectrum
calibration point. The resultiﬁg quantitative absorption
‘spectrum of the CdCrZS4 powder i$ presented in Figure 6.19.
Inspection of this figure reveals that the minimum

"absorption coefficient is .25 em L

1

at 6.0 ym while the
10.6 um value is .55 cm” The latter value is in good
4agreementvwith.the 1 emt -2 em? room.temperature*at;
‘tenuation coefficient reported&if.for the best hot-pressed
~elements at '10.6 vm. The residual difference between the

powder and hot-pressed coefficients may be attributed to
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- the increased scattered and trapped radiation in the lat-
ter due to the incomplete densification of the CdCrZS4
during the hot-pressing process.

It is of interest to estimaté the intrinsic absorption
coefficient.of‘CdCr234_at 10.6 um due to multiphonon ab-
sorption. One experimental method of calculating this
absorption coefficient is to assume that the extrinsic con-
tribution to the abso;ption coefficient is the same at
10.6 um and 6.0 ym. The intrinsic absorption coef-
ficient is then simply found be subtracting the two
values. For CdCr284, we find that the intrinsic-absorption'
coefficient at 10.6 um is 0.30 cmcl, which-is in excel-
lent agreement with the estimate of - 0.3 cm'-r1 obtained
from é similar analysis using transmission techniqﬁes or

hot-pressed'samples(35)i.

6.8. Additional comments regarding .the photoacoustic

- spectrometer

The monochromator used in this investigation was em-
ployed primarily as a result of its availability and be-
cause of economic consideratiéns. The design of the photo-
acoustic spectrometer is therefore not optimal, and it is
useful to consider two  improvements in the system which
could be easily implemented to improve-either the speed,
resolution, and/or signal to noise ratio.

‘In the measurement of infrared photoacoustic spectra,
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primary consideration must be given to the maximization of
‘the etendue of the optical systém. In the present ‘ap-
*paratus,_theieffectiye cone angle was only £/9. Conversion
to £/4 optics could result in an increase in the total

flux by a factor of 5.

An additional factor of two could also be achieved
by simply using a front surface coated reflecting chopper
blade to both modulate the radiation while supplying an a.c.
reference beam. In the present apparatus, this would not
only eliminate the wasteful beamsplitter, but would also
éliminate:the‘Criticalsalignment'associated with the de-
vice. It.should be noted that this type of modulation was
- not used due to economic consideratioms.

Thus, we see that using a chopper beamsplitter in-
‘combination with a f/4 monochromator, it would be,poésible
to gain a factor of 10 in the signal to noise ratio over
- the current system. In.the infrared, wheie blackbody
éources‘of radiation are notoriously poor, this increase
'wéuld allow. the examination of solids to proceed in

- addition to the current powder capability.
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