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S FINAL REPORT FOR THE : P
DEVELOPMENT OF ADVANCED THERMOELECT_R&C MATERIALS
Phose A

l INTRODUCTION

This is the final report on efforts by Syncal Corporation on th Phase A
of Contract Number 954349 to the Jet Propulsion Laboratory. The subject contract
is concerned with the developinent of advanced thermoelectric materials, Work
performed under Phase A of the contract has consisted of five separate tasks,

| The firi tosk is a literature survey intended 15 aid in the idenﬁﬁcuﬁm of promising

materials and to provide supp!émepfary information on materials under investigation.
The second task is concerned with the Synthésis ¢f promising thermoelectric materials.
The third task involves the measuiement of the thermoelectric properties of the
materials synthesized in the second task. The fourth task concems itself with the
detemination of selected physical and chemical characteristics of the m terial
synthesized and measurea in the second and thiid tasks.  The fifth task involves
the idontification and preliininary experimental evaluation of thermoelectric materials
that may be useful in operation at very igh temperatures, those in the range of
1200°C to 1500°C. |

A number of differeat materials have been investigated on the program,
The original intent of the program was to impreve siﬁcnn-germ@nium alloys by
either modi{ cations to the busic constituents or the addition of matericls. !t was
found thai the oddiiicn of gallium phosphide reduces the thewnal condisctivity of
the material and therefore enhunces its figure-of-marit. Inasmuch us it was felt
that the enharcement of the figure -of-merit was only modest, it was decided to
pursue other materials, thote not containing any silicon or germaniun In owder to
develop a maierial with a m v higher figure~of--meriy than silicon-germanium

cllays, Consequently, ail work on modifications 1o silicon-geimanium alloys
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was terminated and the emphasis was placed on chrome sulfide, chrome selen;ide," o

lanthanum chrome selenide and lanthanum chrome sulfide and alloys thereof,
Inasmuch as thework done on the modification of silicon-germanium alloys has
already been thoroughly decumented in previous comprehensive reports issued on
the program, this final report will only discuss the work done on the selenides and

sulfides. It should also be noted that some work has been performed on the program

as a part of the fifth task on very high temperature thermoelectric materials, The

work on those materials was of relatively short duration and evolved into a totally

different progm ( JPL Contract No, 955548). Those coriprehensive reports on that

aspect of the work are issued as a part of the separate program, the present final

report will not discuss those results.,

e MATERIAL DEVELOPMENT

Although the work on the development of an improved thermoelectric
material considers chrome sulfide, chrome selenide, lanthanum chrome sulfide
and lanthanum chrome selenide, originally it started with the first two mentioned
materials and their alloys, Subsequently, it was exponded to include lanthanum
because based on literature information it was believed that the addition of lan-
thenum enhances carrier mobility and fhereEy increases the figure—of-merit of the
materials. The following discussion will be separated into the areas of invest-

igation conducted on the progrom in a chronological order,

A. Chrme Sulfide and Chrome Selenide

Based on available literature information, it was decided to invest-

igate chrome sulfide as a potentially useful thermoelectric material that

can operate up to femperatures of 1000°C,  Chrome sulfide is a relatively

high temperature semiconductor material with a band gap of the order
of 1.2 election volts, This means that in an exirinsic state, it should

be capable of ope ration up to temperatures of 1000°C without becoming
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intrinsic. lts melting temperature that is of the order of 1300°C.in-' _
dicates relatively low values of vapor pressure, On this basis, it should
also be capable of operation up to 1000°C.,

Several pellets of chrome sulfide (Cr253) were prepared by reacting
powders of chromium and sulfur in the right proportions in an evacuated
ampule at 1100°C for periods of time of 100 to 200 hours and by pressing
the resultant compound at 1000°C in a vacuum environment for one
hour at a pressure of 25,000 psi. Subsequent x-ray analyses indicated
that in most instances the resultant material wos pure Cr2$3 within the
limits of detectability. In some instances a small excess amount of chromium
was also detected in the samples. It is believed that in the case of the
latter samples the original amount of powders used in material reaction
was not totally stoichiometric. Inasmuch as excess sulfur vaporizes
under the material preparation.conditions, no samples containing excess
sulfur were obtained,

The as-prepared samples of chrome sulfide were subjected to thermo-
electric preperty measurements as a function of temperature,  Although
it was found that most samples possessed very low values of thermal con-
ductivity and reasonably high values of Seebeck coefficient, the elec-
trical resistivity wos quite high, Electrical resistivity values of the
order of several tens of milliohm centimeters were typlically found for
those samples. It is recognized here, of course, that none of the samples
had Leen intentionally doped except these that contained excess chromium,
The inclusion of excess chromium did result in reduced values of electrical
resistivity as might be expected of a doping agent added to a semiconductor,
Unfortunately, however, the reduction in the electrical rosistivity was
accompanied by a cenesponding reduction in the Secheck coefficient,

Although this finding is not unexpected, the combincd data on the




electrical resistivity and the Seebeck coefficient led to the co"ndysior;

that chromium as a dopant is not suitable in chrome sulfide, This conclusion

is based on the observation that chromium very likely possesses a variety
of energy levels within the forbidden gap of chrome sulfide, with none of
the energy levels especially close to the conduction band., This means
that the electrical resistivity is a decreasing function of temperature
that tends to level until the excitation of carriers from subsequent lower
lying levels within the forbidden gap. The result is a stepwise decrease
of electrical resistivity as a function of temperature. The Seebeck
coefficient exhibits a similar temperature dependence except that in a
reversed manner. This means that theSeebeck coefficient increases in
a stepwise manner with increasing temperature. The combination of
electrical resistivity and Secbeck coefficient, however, does not yield
attractive performance values becuuse of the very low mobility of the
carriers, Even though this was found to be the case, the thermal con-
ductivity values of samples containing excess chromium appear to k2
essentially unaffected and possessed values essentially identical to those
found for completely undoped chrome sulfide. The results of the Seebeck
coefficient and electrical resistivity measurements for one sample of
chrome sulfide containing excess chromium are shown as a function of
temperatue in Figure 1. It is noted that up to a temperature of about
600°C, essentially only one energy level within the forkidden gap has
become excited, Other samples have indicated that the excitation of
lower lying levels occurs at temperatures higher than 600°C. Although
not yet shown, the thermoelectric property data, including the thermal
conductivity, for chrome sulfide samples consisting cf a stoichiometric
ratio of chiomivm and sulfur were also carefully documented; these

property daia as a function of temperature are given belew in conjunction

with the corresponding deta for other materials,

——
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tmchve rhemme!ectnc ma!ena! Gn fhe cﬂwer hané before ﬂw

; muienul can be useé o a ﬂ\ermoeie:iﬁc matena!, it Is necessary

' taterials are -dﬂoye'd .

reduce its electrical remﬁv:iy 16 much ?ewer values ﬂzen those exieni'

in the mutenal as mode on the present program. The reason for th;

high values of elecirical resistivity is the very low carrier mobility of

the carriers that 1ake port in the condud?dn process. Generally,

it is possible to enhance carrier mebi lity by t:’ﬂcy?ng a given material
with another motena! that poisesses much higher values of mobility. .
In order for such an u"cymg proce:s !‘a be successful ¢ itis also necessary
that the two materials form a single phase oﬂoy; this eliminates the
possibility of actually incieasing volues of electrical resistivity becouse
of enhanced coarrfer scottering at phose boundories, A review of po-
tential materials that could be alloyed with, chiome sulfide resulted

in the selection of chrome selenide (CrZSes) os a likely candidate for
reducmg the electrical resistivity of chiome sulfide when the fwo
Prior.to alloying of the two materials,
property meosurements were conducted on chrome selenide by itself.

It should be n_o!.ed, that chrome selenide has exactly the same crystal
structure ond bosic molecular size os chrome sulfide, On this bosis

it may be expected that the two materials will form a continuous range
of. solid :o!uﬁon. Unlike chrome su!ﬁcfe, chrome sclenide possesses
a relatively low bund gap and high values of carrier mobility. The
alloying of the two mateiials may therefore e cxpecfed to result in-
a material that exhibits relatively attroctive c?ec}nccl propaities.

The thermal conductivily of chrome selenide ?§ almost as low os that

of chrome sulfide.




"inch; somples of this con?'gurohen conven ienﬂy lend lbemse!ves o

S ,,‘

~ Several pellets of chiome selenide were prepared by essen%mﬂy o
the same preparation technique os that used in the preparation of :!xfam '
sulfide, The pe"ets possess diameters of 0.5 inch and heights ef 0.5

thermoelectric property evaluations 1 in a comparative thermal con=
dutﬁv?ry measurement opparatus,  X-ray analyses on the materio!
indicated a stoichiomelric compound of chrome selenide v:ithout .
excess chrome or selenium. Two pellets were subjected to detailed
thermoelectric property meosurements as a function of fen;peratu_re.

The results of these measurements are shown in Figure 2, For purposes
of comparison, Figure 2also includes the comesponding data on stoichio=
metric chrome sulfide, As expected, it is noted that chrome selenide

possesses considerably lower values of electrical resistivity than does

chrome sulfide, The negative tempeiature dependence of the electrical

resistivity of both materials is typical of undoped intrinsic semiconductors,

Even though the electrical resistivity of chrome selenide is much lower
than that of chrome sulfide, the Seebeck coefficient values do not
differ os mucb’o! low temperatures, indicating that at such temperatures
chrome selenide possesses more atiractive elecirical properties than l
chrome sulfide. At higher temperatuies this is no langer trie because
the Seebeck cocfficient of chiome selenide decrecses ;”.’l increcsing
femperature and essentiolly vanishes ot obout 600°C.  This means that
the material becomes netallic ot such tr*mpem!un_s; this phcno:ncnon

is a reflection of the relatively low bund gap of chiome sclenide,

As secn in Figure 2 the thermal conductivity values of the two materials
are not unduly diffeicnt, both materials posscssing thermal conductivity

values of the oider of 0.020 \.uit/ Z em, Based on the data given in
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chrome selenide will result in a material that offers promise of being
us;ful as a themoelectric materfal, It must be emphasized that the B
data shown in Figure 2 pertain to undoped chrome sulfide and chrome
selenide. Doplng of both of these materials or of alloys thereof should
resuli in much more ottractive thermoelectric prdperﬁas than may be
pré]ected from Figure 2. Prior to doping experiments, it was decided
to iﬁ\;es_figote the olloy system of chrome sulfide ond chrﬁme selenide
at various values of alloy compostion. y

| In studying the alloy system of chrome sulfide ond chrome
se!gnfde, it wos decided to concentrate efforts on alloys containing
a preponderance of chrome sulfide because chiome sulfide is inherently
o higher temperature material than chrome selenide; chrome sulfide
rich u"o;fs should therefore be more refractory than those containing
greater amounts of chrome selenide. The reason for selecting moterials’

on their refioclory nature is of course related to the desire 1o operate

— pwm s . o g

them at as elevated femperatures as possible, Several pellets were ~
prepared with compositions in the range of 70 fo 80 malecular percent

chrome sulfide and 20 1p 30 molecular percent of chrome selenide. .

- These bg”ets were prepored by means of the same preparaticn technique

used previously on chrome sulfide and chrome selenide by themselves.,.
The powders were first jeocted in an evacuated ampoule and were then
hot pressed into pellets with 0.5 inch diameters and 0.5 mch‘ heights.
Although minor differences were found 1o exist between pc”bc!s of dif-
fering U”oy cpmpoﬁﬁcns, on the whole most sc:xnp,es exhibited re’oﬂvye!y
similar property characteiistics.  Figuie 3 gives the thernoelectiie
propertics of the ulloy having a composition of 80 nmfc«;u'-cr percent

of chrome sulfide and 20 inolccular pcrcc:nt of chiome sclenide,

It Is notedin Figuie 3 that the eluctiical resistivity of the alloy lies
inLetween the corresponding values of the two corstituents themselves;

it Is considerchly lower than the electrical resistivity of chrome sulfide,

i
i i i

Gl i




’
2
Lo

2

£,

¥, -
e
Tos
nure

e
-4

i
[ 4

. L o ’ t,

X

‘o W
8
3 ]
Y
o
. . ;
. \ Y !
- . ° Ao I
. -2 3
| i
%
N
P
/ -2 ¥
- - hﬁw «3(.
w b N
w W ” |
g2 |
ad w - 13
& m o o._O , ,.P
N 3 ,,, )
. b A
w P _,AJ I
o B
H “ !
! 3 t L
i . bbe
T § o 5 . o .
0 9 8 3 & W
Q o !
Resistivity - mn-cm ™M N % " ] S f,
” e v T - |
& e R LA haihann. 9&\3 ns&xx\z\ ¢ Thermal Crncloelvoy. ?,
, . Attt ol etm
. e




but is o litile higher ﬁmn that of chiome selenide. The some observd- )

tien can basicolly be made of the values of Seebeck coeffnden' of the
alloy. "The thermal conductivity of the alloy is lower than the thermal

' conductivities of either of the two constituents, ﬂ\h, of counse,

' moy be expecled becouse of the enhanced scatlering thnt'nonpo"y

occurs with most malerials upon being olloyed. It is noted that the

~ data in Figure 3.once ogoin perloin 1o the undoped materiol,

In an effort 1o completely charoclerize the olloy system of
chrome sulfide and chrome sa!emda, some uddmanul samples containing
greater amounts.of chrome selenide were olso pnpored Although
not subjecied 1o extensive evaluation, it wos found that the electrical

resistivity and Seebeck coeffictent both decrease with on Increose

in the chrcme selenide content of ﬂwe u"oy. Unfoﬂunotely, however,

T T e pesempg e, L
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the maximum teinperature copability ‘of the inaterial decreoses os the
olloy opprooches the chrome selenide side of the system. Also, the
material becomes more metallic and therefore does not appear 1o offer
os much promise of being a good theimoelectiic moterial as do ollays -
towards the chrome sulfide side of the system. Most of the ;ubséqu’ent
work performed on alloys of chrome sulfide ond chrome selenide during
the post year were therefore restrictcd 1o those having chieme sulfide
conlent in the 1onge of /0 to 80 olccular pereent, NIt ;’:DU'd be noled
here ﬂm! all of the somples of the olloy systen were suL‘;c!ed 1o Hall
meesurcments in oider 10 assess ﬂu_ mobility of the carrfers arsocioled
with the conduction process (oll of the sumples of chiome wulfide ond
chiome selenide olloy s!u.d?c-d on the present pmg‘:om were inherently
p-type).  The Holl measurciments indicated that conier mobilities
within cliome sulfide and clucie selenide cnd within olloys of these
two . 'uials are quite low,  Puie chione wolfide possesses conder

. 2 ,
:;;ub:“ly values of the order of cne o /vuh vee,  The conter m«:r'.)l”f)‘
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values determined for pure chrome selenide are of the order of eight
cmz/volt sec. The carrier mobilities within the alloy system Increase
fairly uniformly from the values associated with chrome sulfide to those
associated with chrome selenide. Inosmuch as all values of carrier

mobility found for the alloy system are fairly low, it was decided to

- conduct doping experiments in order to assess the ability of the mobility

to be increased by doping. As already stated above, excess chromium
by itself does not appear to be suitable as a dopant for the material.

On the basis of theoretical considerations, it was decided to add copper
to the material as a dopant. It is expected that copper acts as a p-type
dopant within the material and enables the obtainment of carrier concen=
tration values considerably higher than those of the intrinsic material

by itself, Copper additionally possesses the property that it will replace
some of the chromium in both the chrome selenide and the chrome
sulfide, As a consequence, several pellets containing copper were
prepared. The preparation method used was similar to that previously
used in the preparation of undoped alloys of chrome sulfide and chrome
selenide. Thermoelectric property measurements performed on the
pellets confirmed some of the theoretical considerations in the selection
of copper as a dopant. It was found that carrier mobility increased
over the values previously found. This enabled a reduction in the
electrical resistivity to values below ten milliohm centimeters. Al-
though a slight reduction occurred in the Secbeck coefficient, the
overall performance characteristics of the material seemed enhanced
over those previously found for the undoped material, Efforts on the
investigations pertaining to the use of copper as dopant were inter=
rupted, however, when‘ it was found thot at very high temperatures,

those in excess of about 800 to 900°C, the material lost its p-type

12
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characteristics by becoming n-’*ype. _Although this phenumenon ;, ' |
believed to be related to the amounr of dopant used, work vus net o i
tinved in the pimuit of copperas a dbpfng:qgent. At s conceivabls -
that this may be done in the future becovse most of the preliminary _
findings cmpeured promasmg. :

B Alloys of Larthanum Chrome Sulfide and Lanthanum Chrome Selenide
| Even though aﬂoys of chrome sulfide and chrome selenide appeor R ?
to be fairly promising thermmoelectric materials, potentially they possess |
two drawbacks. First, they are not quite as refroctory os silicon-
germanium alloys and thus it may be questionable whether they can be
used at long term operation up to temperatures of 1000°C., Secénd,
the carrier mobilities within the material appear to be quite low. As
a consequence, it was decided to pursue ways in which both of these
drawbacks can be rectified, without changing the basic materiul,
A thorougﬁ literature survey indicated that certain rare earth
sulfides and selenides possess very high values of carrier mobility.
Namely, it was found in the literature that lanthanum sulfide and lan~
thanum selenide fall into that category. The carrier mobility values
of these materials are nearly two orders of magnitude higher than those
of chrome sulfide and chrome selenide, It is belicved, however, even
though they possess high values of carrier mobility, lonthanum selenide
and lonthanum sulfide by themselves are not necessarily well suited as
thermoelectric materials because they also possess very high values of
band gap, values in excess of two electron volts.  The high values of
band gap are consistent with the very high melting temperatures of these
materials.  The melting temperctures are about 1600°C for lanthanum
selenide and 2200°C for lanthonum sulfide. The very high values of
bond gap irply potential difficulties in the doping of the materials and
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ﬁ,erefe“a tn Q‘-.e obtommeﬂ’ of dcs‘ired vcﬂues of cortier concentrohon.

foth muterm!s are very refructory ond lonﬂmnua sulfide can be cnns:derﬁ

fto be an insulatar. Nevertheless, the ﬁnd‘ing that ﬂse reaction of lon-

thanum with selenium and sulfur vesults in high values of carrier, mobility

smpﬂes ﬂm a portial use of these materials in cbrome sek.mde ond chrome

 sulfide may benefft the materials by fncreasing carrier mcbsmy Acemﬂ-
“ingly, durmq the current progrom year, it was decided to mveshgahs o
lanthanum chreme selenide and lanthanum chreme sulfide and alloys - . . =
thereof, The mivmtages of these muteriols over chrome selenide ond

chrome sulfide are not only a potenhcﬂ!y enhenced carrier mob;lity,

but also a higher meiting tempemourc of the materials and therefore a
potential for higher temperature use of the materials in practical op-
plicatiens, Nearly all of the effort Qn the sulfides and selenides during
the current year was devoted to the afloy system of lanthaiium chrome
selenide and lanthanum cirome sulfide,

The overall system of the selenides and sulfides in questicn is best
illustrated by a four sided diagram in which the ccrners of the diagram
are occupied by chrome selenide, lanthunum selenide, lanthanum
sulfide and chrome sulfide. Such a diagram is shown in Figure 4,

It is noted in Figure 4 that lanthanum chrome selenide and lanthanum
chrome sulfide occupy positions in the middle of two sides of the
diagram, It is the system formed by a line between fanthanum

chrome selenide and lenthanum chrome sulfide that was investigated
during the current year. The circles on the diagram indicate the vaiious
compositions of allays and compounds not only investigated during the
current year but througheut the program.  Superimpesed on the diogram
are the approximate melting tamperatures of the various compounds
forming the periphery of the overall system, Attention is drawn to the
fact that in general as one proceeds diagonally across the alloy system

from chrome selenide to lanthanum sulfide, the imaterial within the system

14




[aCrSeyg o O - o

FoY

 LaCrS,

¢ . . 2 ol -
1€OO (: N O ] - RQ’OC l_alss
Clrcles indicate composHions H#.af have
been (nvestigated

BRIGINAL £a0p e

DE PG, o B )
Frgure {

15 g 5




becomes more refractory. It is therefore appﬁﬂ. ent that almost any temp= nae
erature capability of the resultant material can be obtained by selecting

an appropriate location within the system, For example, if it is desired
to select a material for operation at temperatures below 1000°C, it

suffices to use material in the quodrant of the diagrem closest o chram&
selenide. On the other hand, if it is desired to utilize material wiﬂa ;7'
the highest possible temperature capability, use would have to be made :
of material lying within the quadrant of the diagram closest to lanfha-: 7
num sulfide. Material in that particular quadrant is probably capable

of operation at temperatures as high as 1400 to 1500°C. Of course,

before any material throughout the diagram can be used in themoelectric

applications, it will be necessary to perform detailed dopant optimization
in regards to the type of dopant and its concentration, 1 :
At the beginning of the following work, effort was devoted to an
investigation of proper methods for the synthesis of lanthanum chrome
selenide ond lanthanum chrome sulfide and alloys thereof. It was found
that possibly the most expeditious preparation method involves the separate
synthesis of lanthanum selenide and lanthanum sulfide and chrome selenide
and chrome sulfide and the reaction of these compounds in proper pro-
portions fo yield any desired alloy composition between pure lanthanum
chrome selenide and pure lanthanum chrome sulfide, Each of the separate
constituent compounds is prepared by using stoichiometric quantities
of the constituents, sealing them in evacuated quariz ampules and reacting
them in a two step process. The first step of the reaction process involves
the heating of the quartz ampule in a temperature gradient where the
portion of the ampule containing the constituent materials is heated
at 1000°C, while to opposite end of the ampule is maintained at a
temperature below 700°C. During the first reaction cycle in a gradient,

it is found that some of the unreacted selenium is transported to the

3
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cooler end of the veochm ampule ?hraugh mcss twns

assure the reaction of this unreacted seiemm\, H' h necessnry M pertodiu o

cally reverse the orientation of the ampule such that the unreacted se=
lenium is subjected to the 1000°C temperature. Each time that the
ampule is reversed, material is transported through mass transfer, but in

| ~ smaller and smaller quantities because each time a perﬂon of that mateﬁeltf

is immobilized through reaction, After several days of the repmﬂan

of this process, it is found that the bulk of all selenium has combmed o

with the other constituent mufenol be it lanthanum or chromium,
form the corresponding compound. At that pomt the quuﬂ'z ampuia
is placed into an isothermal annealing furnace and annealed for a week
at 1000°C to totally complete the reaction. The process for the reaction
of sulfur with lantharum and chromium is similar, - |
At the completion of the preparation of the 3ndiy?dua| com-
pounds, the next step is the mixing of these finely powdered compounds
in proportions appropriate to the desired final material, be it lanthanum
chrome selenide, lanthanum chrome sulfide or an alloy of these two
materials, The powder is placed in an evacuated quartz ampule and
subjected to another week of reaction at 1000°C in an isothermal an-
nealing furnace, It should be noted that this reaction can be performed
throughout isothermally because all of the constituents have very low
values of vapor pressure and therefore no danger exists in the fracturing
of the ampules because of high internal pressure. At the completion of
the final rcaction, the material is once ogain pulverized and then hot
pressed into its final form. The hot pressing is performed by the place~
ment of an appropriate quantity of powder in a graphite lined TZM die.
The loaded die is placed into an evacuated pressing chamber and is

heated by radiofrequency heating.,  After considerable outgassing at

i




temperatures below 500°C, the powder is pressing into a solid form

at 1000°C at a pressure of 25,000 psi., The pressing Is done for one hour..
The above material preparation sequence was formulated after

extensive investigations into the appropriate érepamﬂon technique.

X-ray diffraction measurements indicated that this preparation procedure

results in a single phase material that does not possess non—stoichiometric

quantities of any of the constituents. Density measurements on material

prepared by this technique indicate that the resultant material has a

density very close to that of the expected theoretical density of the

material,

A number of test samples using the above preparation technique
were made within the lanthanum chrome selenide and lanthanum chrome
sulfide alloys system. All of these materials in the first investigation
were undoped and the reason for their synthesis was the confirmation
of the preparation technique and the determination of the effect of
alloying on the thermal conductivity of the material, Studies pertaining
to the doping of the material in order to modify its condﬁcﬁvhy char-

acteristics were performed subsequently and are discussed below. As

regards the undoped material, samples of pure lanthanum chrome selenide

and lanthanum chrome sulfide were prepared along with samples of alloys .
of the two materials containing 30 percent, 50 percent and 70 percent

of the selenide, All of the test samples were subjected to detailed
thermoelectric property measurements, It must be emphasized, however,
that the results of the measurements on the electrical properties of the
samples are somewhat meaningless because the samples are in essence
undoped and therefore the electrical properties are primarily a reflection
of the overall level of impurities of the starting materials and not a

reflection of the inherent properties of the material, Becouse thermal

18
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conductivity is primarily a characteristic of the lattice of the n';qteﬁul'; '
the thermal conductivity values are a true reflection of the inherent
material, ’ |

The results of some of the measurements performed on the undoped
materials within the lanthanum chrome selenide and lanthanum chrome
sulfide alloy system are shown in Figures 5 to 7 in terms of plots of the
three individual themoelectric properties as a function of temperature,
The results shown in Figures 5 to 7 pertain to pure lanthanum chrome
selenide and alloys of it and lanthonum chrome sulfide with concentrations
of 30 and 50 percent of the sel enide, Figure 5 shows plots of electrical
resistivity as a function of temperature for the three materials. Corre-
sponding plots of Seebeck coefficient and thermal conductivity are shown
in Figures 6 and 7, Although it is seen in Figure 6 that except for a
slightly different temperature dependence, the values of Seebeck coef~
ficient of the various samples are fairly close to each other, the electrical
resistivity and thermal conductivity are quite different for lanthanum
chrome selenide and its alloys with lanthanum chrome sulfide, As regards
the electrical resistivity shown in Figure 5, it is noted that alloys of
lanthanum chrome selenide and lanthanum chrome sulfide possess values
of electrical resistivity considerably higher than those of lanthanum
chrome selenide. In an effort to investigate the reasons for this phe-
nomenon, detailed crystallographic and x-ray diffraction analyses were
performed on the materials, Alfhéugh it wos found that all of the various
materials were of a single phase, a difference was discovered in the stiucture
of the materials. Whereas lanthanum chrome selenide was determined
to have a monoclinic structure, all of the alloys of lanthanum chrome
sclenide and lanthanum chrome sulfide, including pure lanthanum chrome

sulfide, were found to have orthorombic structures. Whether this difference
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in structure Is responsible for the considerably higher electrical resisti vity of
alloys of lanthanum chrome selenide and lanthanum chrome sulfide then

pure lanthanum chrome selenide Is not known. In any case, the dif-
ference in electrical resistivity may not be of great consequence inasmuch
as all of the samples for which data are shown in Figures 5 to 7 are basically
undoped. Finally, an inspection of Figure 7 shows thot alloying of
lanthanum chrome selenide with lonthanum chrome sulfide significantly
reduces the thermal conductivity of the material, Although not shown,

+

it is also known that lanthanum chrome sulfide possesses thermal conductivity

of the same order s that of lanthanum chrome selenide, This means

‘yat the ends of the alloy system are both characterized by thermal
onductivity values that are approximately twice as high as those within
the alloy system. It is believed that the reduction in thermal conductivity
is not related to the basic structure of the material, but rather results

from enhanced lotfice scattering of heat waves by a lattice complexity
which is increased by alloying. It Is noteworthy that extremely low
values of thermal conductivity are characteristics cf alloys of lanthanum

chrome selenide and lanthanum chrome sulfide, In fact, the thermal

~ conductivity values are lower than of almost any other thermoelectric

material used. This means that if the electrical properties can be opti-
mized to values comparable to those of other thermoelectric materials,
the figure-of-merit of olloys of lanthanum chrome selenide and lanthanum
chrome sulfide would be considerably higher than those of any other
material,

In view of the findings on the alloys of the material in question,
subsequent effort on the materials and theis alloys wes devoted to a
preliminary consideration of the doping of the material, The simplest

way in which the material can be doped is by the use of small quontities

23




of elements other than those occurring within the material to replace
some of these elements with elements that possess different valences.

In other words, each of the elements within each molecule of the material
exhibits a definite valence state, If a substitution Is mode in which
elements of different valence stutes are used, it is possible to either odd
conduction electrons or conduction holes to the material. For example,
elements substituted for those occurring within the compounds of the material
with a lower valence will result in a p-type material, The use of

higher valence electrons will result in n-type material. The doping
level can be controlled by the amount of substitution made. Although
simple in principle, in practice it is important to determine the effective
contribution of each substituted element and to use only elements that
retain the single phase nature of the material, The quantity of substi-
tution, of course, is sometimes limited by these considerations,

Although many different elements could be used os doping agents
for lantr.xnum chrome selenide and lanthanum chrome sulfide ond alloys
thereof, a preliminary survey of potential doping agents has resulted in
the selection of several n~-type and p-type dopants. As concerns n-type
dopants, it is postulated that the use of either titonium, niobium or
tuatalum in small quantities to replace a portion of the chromium in the
material will result In n-type conductivity characteristics because titanium,
niobium and tontalum each possess one more valence electron than does
chromium. Morcover, it Is anticipated that chemically these clements
replace chromium cn a one to one basis without affecting the structure
of the moterial, For this rcason, it is seen that practically any level of
doping con be obtcined by the use of these elcments,  As regards p-type
dopants, it Is postulated that copper and mangunese can be used to

substitute for chromium because both of these clements possess one less
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valence electron than chromium. ‘Again, chemically these elements
are totally compatible with chromium and consequently encble the ob-
tainment of any desired level of doping. P-type conductivity churac~
teristics can also be obtained Ly replocing a portion of the selenium in
lonthanum chrome selenide with Group V elements such as phosphorus
ond anenic. Morecver, certaln elements of the lanthanide ser’os con
ba used to reploce o portion of the lanthanum to ylek! p~type conduc~
tivity chorocteristics, An example of such an element Is samarium,

The doping experiments conducted on the alloy system involved
one n-type dopant, namely titanium, and three p-type dopants, Including
copper manganese and samarium,. For simplicity, all doping experi-
ments were restricted to lanthanum chrome selenide, It is believed that
all findings on the doping of lanthanum chrome selenide are directly

translatable to the doping of alloys of lanthanum chrome selenide ond
lanthanum chrome sulfide and pure lunthanum chrome sulfide as well.

Several samples with each type dopant were prepared uccording to the
preparation technique discussed above, with the exception that the

elements used for doping were substituted for a portion of either the chromium
or the lonthanum in the Initial blerding of the materials, After the com-

pletion of the material preparation process, x-ray diffraction studies on

eoch of the test specimens indicated single phase material of the desired
composition except in the case of the mangonese doped material, The
latter material was found to consist of two phases with the second containing
large amounts of muangancse. It is believed that the reason for this
occurrence is the incomplete reaction of the material during its reaction
phase. As a consequence, the evaluation of the detailed properties

of manganese doped lanthanum chrome selenide wos not made and wos

postponed for a subsequent time period ot which time the process will be
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repeated. Thermoelectric property measurements were perf@rmed on ?he

titanium, samarium and copper doPed samples, The three thermoe!ecfﬂc :

properties as a function ef temperature for the titantum und samarfum
doped samplec are shown in Figure 8, For sake of compoﬂson, the cer- &
respoudmg data for the undoped !onfhanum chrome selenide are also shown
in Figure 8. It should be noted that both the titanium and samarium doped
samples exhibited p-type conductivity characteristics even though titantum
is an n-type dopant. The reason for this is that apparently a too smali
quantity of titanium was used and what was used was compensated by some
of theinherent p~type characteristics of lanthanum chrome selenide.
As a consequence, the electrical resistivity and the Seebeck coefficient
of the titanium doped sample are higher than the corresponding values of
the undoped lanthanum chrome selenide. Inasmuch as samarium is a
p-type dopant, its use enhanced the p-type carrier concentration of lan=-
thanum chrome selenide and resulted in lower values of electrical re-
sistivity and Seebeck coefficient. The conclusion drawn from the results
on both the titanium and samarium type dopants is that considerably
higher doping levels are necessary if it is desired to obtain significant
doping of the material. Even though the present preliminary doping
studies pertain to pure lanthanum chrome selenide, it is believed that the
same conclusion can be made in regard to lanthanum chrome sulfide and
alloys of the two materials.  Finally, it is noted that the preliminary doping
of lanthanum chrome selenide with titanium and samarium has little
effect on the thermal conductivity of the material,

Whereas all of the thermoelectric material prc‘aperty data on alloys

of lanthanum chrome selenide and lanthanum chrome sulfide on the present
program have been concurrently determined in a comparative thermal

conductivity apparatus, such data have been oblained primarily at temp-

26

avssm
T ey




v/’ v%\ E. E /e,c.‘f?‘l'cdl

.
Coeff 2
g

beck
5 &
| n

et __Abs See
Iy

)‘;’ " ’/y - "V/‘Z-
s ¥
! i

Thormal Conduc
S
i

ORIGINAL pjp
GE
OF POOR QU'AL.!n?

e e ..

MGy ToasnSes

La Cr St.’._.g :
- L2, 45 $9,05 Cr Se, ?: ,

[3 ‘e
12 Cry o Toy 0y S99

\“‘: Laoqgsmp,g LCrSey

Zoo 6o S5o00

PRSP Y _©
'a.;!‘}F!‘u{ &l’](i’ C.

I S, [

LACrSeJ

Fiquere 8

8co

A

&

-
53
E

by



eratures below 600°C even though the materials In question have mwﬂ
higher temperoture capabilities. Because compamﬂve thermal cenducﬁvi!y
measurements are not especmuy accurate at fempemtures in excess of 690 C

or thereabouts, most of the fbennoeiectnc property measurements pef
o cn the pfesent program have been hmited to baiaw @.C . Even thot
" this is true of thermal conductwny meuswements, zi dees ; @piy

' '}to measureméts per rmed on tbe other preperhes, mmefy the Seebeck,
coefficient a:d Ihe ele:fnce! restshvity. Asa cansequem, townxk

the end of the current program year, it was deczded to re-measure the
titenium and : samunum doped sqmples to hagher tempem!'ures, recogmzmg
that the themml conductivity data at tempemtures in excess of 6(!) (ol

may be somewhat inaccurate. The results of these measurements are shown
in Figure 9 in terms of the three thermoelectric properties as a function.
of temperature, A comparison of the data in Figure 9 with those shown |
in Figure 8 indicates good agreement in properties ot temperatures common ‘
fo the fwo separate measurement sequences. It is of interest fo note

that at temperatures higher than 600°C, both the titanium and the samarium
doped samples show lowered values of electrical resistivity and Seebeck
coefficient. Because the electrical resistivity of both samples decreases
faster than the square of the Seebeck coefficient, it is concluded that the
figures-of-merit of both samples show improvement at higher temperatures,
Even though this isthe case, it is recognized that the figure -of-merit
values of these samples are not especially high.  The reason for this is

that the materials underlying the data in Figures 8 and 9 show the very

first results on doped material and therefore by no means represent optimum
material, What is shown by the data in Figures 8 and 9 is that lanthanum
chrome selenide and consequently lanthanum chrome sulfide and alloys

thereof can be doped by standard methods of doping. Quite likely
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it will be necessary to use conside}ubly higher doping levels in the op-
fimization of the materials, "

In addition to doping experiments with lanthanum chrome se!en!de,':v ‘
some preliminary work was also conducted on the doping of lanthanum
chroine sulfide. Stoichiometric qu&nﬁﬁes of lanthanum, chromium and 3

sulfur were weaghed and p!aced into a quartz ompu!e. A second quarfz
 ampule was f'dled smfﬁ s;m:ter m&ertql except a small qucﬂmy of the -
chmm;mn was rep!oced with copper.. Boﬁ: ampules were evacuated
and sealed. They were m}thaffy, reactgd in an air furnace in a grodient

in w}nch the hot side of the ampules was at 500°c; with the cold side

& dt a few bundred degrees. After reactin g fhe ﬁ\gdteﬁuls in this way for .

24 hours, the tempemture was gradually raised to 1000 °C. After further
reaction for another 24 hours, both ampules were pushed into the hot zone -
such that they were being heated isothemally at 1000°C.  The reaction
was allowed to continue for five days. At that time the ampules were
removed from the air furnace and opened. The material was then vacuum
fired overnight to remove any unreacted sulfur, The result of the reaction
process was that material with the following compositions had been prepared:
I.cCr53 and LoCro 98C 0. 0253‘ Both materials were pulverized to 325
mesh particle size and hot pressed in vacuum at 1000°C at a pressure of
30,000 psi into test samples with dimensions of 0.5 inch diameter and

0.5 inch height. '

Detailed thermoelectric property measurements were performed
on the two samples, lanthanum chrome sulfide and lanthanum chrome
selenide doped substitutionally with copper. The measurements were
performed in a comparative thermal conductivity apparatus in which con-

current measurements of all three themoelectric properties could be

performed simultaneously as a function of temperature.. The results




of the measurements are shown in Figure 10 in terms of the three
thermoelectric properties, electrical restsﬁwty, Seebeck coefﬁcient

ond thermal conductivity as functions of temperature, It should be noted
that both materials possess p-type conductivity characteristics, even the
undoped lanthanum chrome sulfide. It is not known whether ihe conductwﬂy
characteristics of that mu%enu! are due to a slight non-sfeich!metry in
one of the consﬂtuents or are due to exfruneous Impurities resulting

from the various process steps in mekmg the muterm! It is also neted

in the figure that the slight subsmuhon of chm:wn with . copper resul!'s

in decreased values of electrical resistivity and Sgebeck coefficient,

just as would be expected if copper served as a doping agent. In fact,

the reduction in the resistivity and Seebeck coefficient with the addition

of copper follows the approximate relationship of the Seebeck coefficient
being proportional to the natural logarithm of electrical resistivity.

This indicates that the reduced values of electrical properties are pri-

marily due fo an increased corrier concentration. This, in essence,
confirms that copper acts as a doping agent within the material, The ;
effect of the small addition of copper to the material on thermal conductivity
is pfacﬂcu"y negligible. The slight increase in it may be construed

as an enhancement of the électronic part of the total conductivity.

Even though it has thus been found that copper acts as a dopant. in lanthanum
chrome sulfide when substituted for small quantities of chromium, it should
be emphasized that the present results in no way represent optimum doping.

It is anticipated that when dopant optimization studies are undertaken,

fairly respectable values of the figure-of-merit of the material will resul&.
The figure-of--merit of the material prepared during the present work is fairly
similar to that of p-type silicon-germanium alloys. It is thus anticipated

that considerable improvement may be possible,
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C. Lanthanum Sulfide and Lanthanum Selenide

In order to complete the characterization of the overall chemical
system characterized by chrome selenide, chrome sulfide, lanthanum
selenide and lanthanum sulfide some effort was also devoted to the
investigation of the most refractory portion of the system, namely lan-
thanum selenide and lanthanum sulfide. Stoichiometric quantities of
lanthanum and selenium and lanthanum and sulfur were weighed in
proportions to yield lanthanum selenide and lanthanum sulfide. In both
cases a slight excess of the volatile component, either selenium or sulfur
was added to the material, The powders were placed in quartz ampules
and sealed under vacuum after pumping overnight with an oil diffusion
pump system. The ampules were then placed into an air fumace such
that half of the ampule was in the hot zone andhalf extended outside
of the furnace and had a temperature not much higher than the ambient.
The reason for this procedure is the elimination of the possibility of the
ampules exploding because of the relatively high vapor pressure of un-~
reacted selenium and sulfur.  The portion of the ampules within the
hot zone of the air furnace was initially heated at g temperature of 500°C.
After some 48 hours of reacting at that temperature, the temperature
was gradually raised over the next 48 hours to 1000°C. The ampule
was maintained at these conditions for an additional 48 hours. A visual
observation of the material within the ampules at that point indicated
essentially complete reaction of the materials within the ampules.

The ampules were then shifted totally within the hot zone of the air furnace
and isothermally annealed for one week at 1000°C.  After removal of

the material from the ampules after completion of the reaction, the material
was pulverized and vacuum anncaled at 1000°C in a continuously pumping

vacuum system for an additional 24 hours,  The purpose of this last step

-




was the removal of any volatile components within the materials that
resulted from a slight excess of selentum and sulfur initially introduced
into the quartz ampules. After further pulverization, the powders of
lanthanum selenide and lanthanum sulfide were hot pressed into pellets
having diameters of 0.5 inch and heights of 0.5 inch. The hot pressing
was performed In a graphite lined TZM die under vacuum at a pressure of .
30,000 psi and a temperature of 1000°C. The pressing time in the case
of both materials was 30 minutes, Finally, the pellets of the materials
were removed from the die and instrumented for detailed thermoelectric
property measurements, ]
The instrumentation of the test samples involves the drilling of
0.020 inch diameter holes along the length of each test somple.  Tungsten-
niobium thermocouples are placed within these holes and affixed by a
small quantity of alumina cement, The test samples are then assembled
into a comparative thermal conductivity apparatus that uses silica heat
meters as the hot end cold side calorimeters. Temperature measurements
on the calorimeter sections enable the determination of the quantity of
heat flowing through the stack of calorimeters and test sample, The
combination of known dimensions, measured temperatures and the amount
of heat flow through the sample enables the computation of thermal con-
ductivity of the sample, The measurement of the voltage drop across
the test sample when a known amount of current is passed through it,
along with the dimensions of the sample, enables the computation of the
electrical resistivity of the test sample. Finally, the measurement
of the temperature differential across the test sample, along with the
amount of voltage generated between the common legs of the thermocouples,
results in the determination of the Secbeck coefficicntof the test sample,

In this way, the evaluation of the fest samples in the comparative thermal

34
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conductivity apparatus enables the concurrent determination of all three
thermoelectric properties. The operation of the test sample at various
temperatures permits the generation of the three thermoelectric properties
of each sample as a function of temperature, It should be noted that
measurements performed at temperatures close to room temperature are
generally not accurate. Measurements performed at high temperatures,
those in excess of some 700°C, are not accurate because of unaccountable
heat losses from the stack of calorimetric sections and test sample.

The results of the thermoelectric property measurements of l.azsea
and Lozss are shown in Figures 11, 12 and 13 as a function of temperature.
The electrical resistivity for both materials is shown as a function of
temperature in Figure 11+ It is noticed in Figure 11 that both materials
exhibit very high values of electrical resistivity and that the resistivity
has a negative temperature coefficient, The reason for both phenomena
is that the materials are undoped and therefore the results represent the
intrinsic material, High values of electrical resistivity and negative
temperature coefficients of resistivity arecharacteristic of all intrinsic
semiconductors, Extrinsic properties are obtained as a result of doping.
It is also observed that even though the electrical resistivities have
negativetcmperatue coefficicnts, even at the highest measurement
temperatures of about 700°C the values of resistivity are still quite high,
This phenomenon is directly related to the bed gaps of lanthanum selenide
and lenthanum sulfide and confirm the relatively high values of band gaps
expected of the materials., It is postulated that these values are close
to two electron volts, In conclusion, even though the electrical resistivity
values of the undoped materials are quite high, it is expected that by
using proper doping agents, it Is possible to obtain desired values of

clectiical resistivity, thosein the low milliohm centimeter range, The
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obsolute Seebeck coefficient values measured as a function of tempe rature
for lanthanum selenide and lanthanum sulfide are shown in Figure 12,
Agaln it Is noticed that a negative temperature cuefficient charccterizes
the Seebeck coefficients of the two materials and that the values of

. Seebeck coefficlent are quite high, Inasmuch as electrical resistivity
and Seebeck coefficlent are both inverse functions of carrier concen=

tration, it Is concluded that recsonable consistency exists between the
data shown for electiical resistivity and Seebeck coefficient in Figures
and 12, Just os in the case of electrical resistivity, when the materials
are doped with an appropriate doping agent, the values of Secbeck coef-
ficlent will be reduced from those shown in Figure 12.  Moreover, in
properly doped material the negotive temperature coefficient of both
properties will be replaced by a positive coefficient, This results from
the fact that the energy levels associated with proper doping agents lie
close to the edge of the conduction band within the forbidden band gap;
because the icnization energy in that instance may be expected to be
very low, even at low temperatures all of the carriers derived from the
dopant will occupy energy levels within the conduction band., The
thermal conductivity values determined for lanthanum selenidc ond
lonthanum sulfide test samples are shown os a function of temperature

in Figure 13. It is noted in Figure 13 that both materials have fow
values of themul conductivity os may be anticipated from previous results
on similor maerials that include <“romium, In foct, the thermal con-
ducitivity values are slightly lower than they were detemmined to be

for lanthanum chrome selenide and lanthanum chrome sulfide, This

clso may be onticipated on the basis of a more refractory nature of lonthanum
selenide ond lanthanum sulfide, Moreover, although not shown in

Figuie 13, it may be expected that alloys of lunthanum selenide and lantha-




num sulfide possess thermal conductivity values considerably lower than
those shown in Figure 13, This is generally true of any alloy of two
different materials. It has been demonstrated for many materials,

including lanthanum chrome selenide and lanthanum chrome sulfide,

i, CONCLUSION

This report summarizes the efforts on Phase A of Jet Propulsion Laboratory
Contraci Number 954349, It discusses the work performed on the chemical system
characterized by ¢hrome selenide, chrome sulfide, lanthanum selenide and lanthanum
sulfide. Although the results represent an overall investigation of the system,
it is shown that most of the materials within the chemical system possess the requisites
for being attractive thermoelectric materials. Detailed discussion is given on the
preparation of the inaterials within the chemical system and thermoelectric property
data are given for many different materials within the system, The results of selected
pieliminary doping experiments are also given, It is anticipated that with further
effort, areas of the system will be identified in which detailed material optimization
will be performed. This, it is believed, will lead to an improved thermoelectric

material that can be used at temperatures up to 1000°C in long term reliable operation.
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