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NOTICES

When Government drawings, specifications, or other data are used
for any purpose other than in connection with a definitely related
Government procurement operation, the United States Government
thereby incurs no responsibility nor any obligation whatsoeverz
and the fact that the Government may have formiulated, furnished,
or in any way supplied the said dravings, specifications, or other
da~a, is not to be regarded by implication or otherwise as in any
manner licensing the holder or any other person or corporation,
or conveying any rights or permission to manufacture, use, or sell
any patented invention that may in any way be related thereto.

Qualified requesters may obtain copies of this report from the
Defense Documentation Center (DDC), Cameron Station, Bldg. 5,
501C Du!,e Str-e, Alexandria, Virginia, 22314. The distribution
cf this repor-? is limited because the report contains technology
identifiable with items on the strategic embargo lists excluded
from export or re-export under U.S. Export Co- -ol Act of 1949
(63 STAT. 7), as amended (50 U.S.C. App. 2020.2031), as implemented
by AFR 400-10.

Copies of this report should not be returned to the Research and
Technology Division, Wright-Pattersen Air Fcrce Base, Ohio, unless
return is required by security considerations, contractural obli-
gations, or notice on a specific document.
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The Electronic Properties Information Center (EPIC) was established in

June 1961 at Hughes Aircraft Company, Culver City, California. It is operated

under contract with the Air Force Materials Laboratory, Rese&rch and Technology

Division, Wr•ght-Patterson Air Force Base, Ohio. The Contract was initiated

!rnder Project No. 7381, Task No. 738103, with Mr. F. F. Klin&d,, act.tng as

Project Engineer.

The EPIC Information Antlysis Center is a center for the collection, re-

view and analysis of the scientific and technical literature on the electrical

and electronic properties of materials. Its major function is to evaluate,

compile and publish the experimental data from that literature. Through the

medium of a series of publications such as Data Sheets, Special Reports, State-

Cof-the-Art Reports, Computer Bibliographies. and services including special

studies, answers to technical inquiries, research support is provided to the

DcD community. EPIC input is primarily from the open literature. A la-rge

number of abstract journals, in addition to about 40 other journals, and the

unclassified report literature are completely searched.
i

This report consists of the compiled data sheets on the Bismuth Telluride-

Bismuth Selenide System. A full list of EPIC publications to date appears at

the end of the report.

The author wishes to acknowledge the assistance afforded by Dr. J. J.

Grossman in reviewing the experimental data, and the contribution of Mr. E.

Schafer in the thorough pre-publication review of the compilation. The sup-

porting assistance of other members of the EPIC stdff, in. particular, Mrs. D.

C) Cough, Mr. Thomas Lyndon, and Mr. W.S. Hodge, is gratefully acknowledged.
:I ~ - - ~ - -iii
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ABSTRACT

These data oheets present a compilation of a wide range of electronic

properties ror the bismuth telluride-bismuth selenide system. Electrical

properties include conductivity, dielectric constant, Hall coefficient, and

mobility. Emission data have been bzoken down into the varied electron and

photon emissions which result from application of electromagnetic energy over

a wide spectrum. Energy data include energy bands, energy gap, and energy

levels, as well as effective mass tables, and work function. The optical

Droperties include absorption, reflection, 2i.1 the refractive index. Other

magnetic data and irradiation effects are presented, as well as several re-

lated physical Dhenomena, such as pieoclectri, properties, Debye temperature

and electrnic specific heat. Thermoelectric properties, thitral conductivity

and figure of merit tables and graphs are especiallv presented. Each property

is compiled over the widest possible range of parameters including bulk and

film form, from references obtained in a thorough literature pearch.

A summary of crystal structure and pha.ýe transitions has been included.

This renprt has been revieaed dnd is a.prcvcd for publication.

mi1 Schafer, Assistant1 F'ead
Electronic Properties Infornation Center
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eR INTRODUCTION

Th% initial step in the preparation of this data sheet was the retrieval, j
by awans of modified coordinate index, of all bismuth tellurLde-bismuth seleride

system literature In the EPIC file. Bibliographies were also reviewed to en-

sure the inclusion of all relevant literature. Those papers containing primary

source data were selected unleqs only secondary references were available. If

equally valid data woarz aevilablo fix, :zvcral qo.-ee-.e, all ver- given. D.•Nt

were rejected when considered questionable because of faulty or dubious measure-

mentas unknown sample composition, or if more reliable and inclusive data were

available from another source. Selection of data was based upon evaluation of

that which was most representative, precise, reliable and inclusive over a wide

range of parameters. The addition of new data to a material compilation re-

U quires a reappraisal of the reported values. Older data may be deleted in

light of the new data.

Within every property section we have tried to include every available

parameter and range of experimental condition in the literature. Information

on test conditions and sample specification are extracted from the article.

Som.a light alteration_ in units and presentation may be made to facilitate

comparison with other experimental data.

In the thermoelectric properties section, electric conductivity and

thermal conductivity graphs, (where available for the same samples) are pre-

sented with thermal emf data in order to facilitate calculation of figure of

merit values. Cross-referencing of germane information is also provided.

Within the individual properties, arrangement has generally been to show

0the pure ample data followed by the effects of dopants (in alphabetical

.1,4
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torder). Dor.ing, per se, however, is iften not a qualifyin& factor, and graphs I
Smay M arranged or grouped according to experihental parameters.

In presenting tabular data, values are variously arranged. In some casem

It In by dopant, In others by magnitude of numerical value. On occanion,

however, the values from one reference may be grouped for comparison.

The references, from which the data are drawn, are shown by accessoin

number below Aach graph, with the full bibliographic citation tabulated at

the end of the data sheets. The bibliography is listed by accession number,

An introductory section on the crystallographic structure and phase

diagrams of this system includes lattice arrangements and correlation %'Lth

thermoelectric properties. ,

2
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CRYSTALLOGRAPHY

Bismuth telluride occurs rNaturally as teIlurobisluthite in Irregular

plates or foliated masses. It is soft, with a metallic lustre; the (0001)

cleavage is perfect, so that all measurements are made either normal or

parallel to that plane. The hexagonal symmetry indicates that the electronic

properties are anisotropic. This anisotropy is very marked in optical measuie-

mente [Ref. 312"]; dielectric constant [Ref. Y,0299]; electrical conductivity

[Ref. 631]. (electrical conductivity normal to the (0001) cleavage plane is

.1 of that parallel te the (O0Q1)]; magnatoelectric measurements (Ref. 19045];

reflectivity [Ref. 18221]; and thermoelectric emf (Ref. 19027J.

Bismuth selenide occurs naturally as orthorhoebic guanajuatite in acicular

crystals or granular foliated or fibrous masses. The cleavage is distinct on

(010) or (001). The mineral is soft with metallic lustre. The synthetic

material is rhombohedral and apparently isostructural with the telluride.

Wyckoff states that both the bism•uth telluridc and the bismuth selenide

are rhombohedral crystals with a one molecule unit. The correaponding hexa-

gonal cell contains three molecules atid the molecule is considered to have

atoo layers along the c-axis.

The ternary comprises a continuouR series of isomor'phic (rhombohedral)

ccmpounds [Ref. 19825]. As the selenium content increases, it becomes more

difficult to obtain single crystal material in thin enough specimens to do

optical work [Ref. 22468].

03
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Compo- LtieCntnsRf
sition _yoatryLattice Convtant. Remarks Ref.

BiTe exgna 4.384 1 0.0011 30.4950t 0.006A 3000x 21735

a c c /a

Bi2T@3 hexagonal 4.240 11.076 2.612 Donnay
2 I.376 30.39 6.945

4.369 30.424 6.963
4.35 30.3 F5.9653

Bi2 Te3 hombo- 10.473 240-10, Wyckoff*
hedral cell

hexazonal 4.383b 3C.487
call

BiTe cubic 6.47 Wyckoffk*

81Se3 hexagonal 6.702 11.26 1.68023 h.15 28.65 6.8836 natural crystal Donnay
isotypic with Bi Te

u.125 28.56 6.9236

L.13 to 28.7 to 6.9492 to variable

4.16 29.3 7.0096 composition

Ci

Bi 2 So 3  rhombohedral 9.341 240 16' Wyckoff*

cell
hexagonal 4.138 28.64

cell

El Se4  hexagonal 4.21 to 40.3 to 9.5724 to variable Donnay
4.28 41.1 9.6028 composition

Bi •3Sea rhcmbohedral 13.719 170 44' Wyckoff*

hexagonal 4.23 40.5
cellJ

4
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siton _ ey Lattice Constants Remarks Ref.

DASe cu~bic. 5. 86 Donnay

BiSe cubic 5.99 Wyckoff**

Bi Te Se rhombo- 10.255 240 5, Wyckoff*
2 2 hedral cell

hexagonal 4.28 29.86
cell

M~lecuIar

Bi 2 Te 3  BiSe Formula
2 3 2 3

100 0 Bi Te
95 5 Bi Te Se.2.• 2 85_ 0.15
90 10 Bi 2 .Te2 .7 Se 0 .3

83.33 16.67 Bi 2Te 2. Se 0 .

80 25 zBi Te 2. Se o '6

66.67 33.33 B2 2Te2" Se 2

60 40 BITe Se
50 50 2 1.8 1.2

Bi2Te1  Se1.5
40 60 21 2 it

33.33 66.67 Bi Te Se2
22.22 77.78 Bi 2Te/ .72.33

0 100 I.,ie3
The atomic formulas and corresponding molecular percent compositions are
given here for -aneral reference purposes.
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.. e ~ c~OArrangement of atoms in bismuth telluride- ---- as viewed parallel to basal plane, show-

kfo ,*_M•" •ing layer structure and two types of
tellurium atoms.

Arrangement of atoms In bismuth [Ref. 19825]
selenide as viewed parallel to the
basal (cleavage) plane.

[Ref. 5554]

"Considering the transition from Bi 2 Te3 to Bi2 Se3 in light of the

prefer•ntiil-substitution hypothesis, Bi 2Te3 han the highest p-type conduc-

tivity in the system. Then, with initial substitution of selenium In Te 2

2 2sites, Bi-Te pair bonds would be replaced by more ionic Bi-Se bonds. Here

decreasing electrical conductivity and increasing energy gap were noted.

At a - , thhe i-Te pair bonds hypothetically would be replaced by Bi-Se)

bonds and the solid would consist of mutually-bonded Te -Bi-Se 2 -Bi-TeI chains.

At Bi 2 Te 2 Se the Seebeck coefficient is observed to cross zero, electrical

conductivity is minimum and energy gap is essentially maximum. With contin-

ued selenium substitution (now in Te sites) the observed property trends

are reversed, i.e., the sign of the Seebeck coefficient becomes negative,

electrical conductivity increases, and energy gap decreases slightly."

[Ref. 19825]
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Stoichiametric bismuth telluride, Bi 2 Te 3 , is always p-type; excess

tellurium or halogens yield n-type. Excess bismuth, lead or cadmium maintain

the p-type. [Ref. 15291] Copper has a high diffusion rate in beth the

telluride and selenide and yields n-type material, so it should never be

used for contacts. (Ref. 2595]

In the mixed crystals Bi 2 Te 3 Sex, the carrier concentration decreases

with iucreasing x-values, probably due to decrease in bismuth. Intrinsic

conductivity occurs around Bi 2 Te 2 Se. At x > 1, the crystals are n-type, and

the electron conrentration then increases to a maximum of 3 x 10 19/cc for

Bi 2 Se [Ref. 10984]

The thermoelectric properties of the bismuth telluride-bismuth selenide

system are a function of the composition and the doping. Bismuth telluride-

rich mixed crystals in this series are p-type if undoped. By means of donors

such as silver, copper, chlorine, bromine and iodine, howe\ ir, n-conduction

can be achieved. Thi3 provides the optimum electron conductivity. Halogen

donors are located in lattice vacancies, while copper and silver are held

interstitially. Because of its high diffusion rate, under certain conditions,

While normal electron scattering resulting from lattice vibrations is

temperature dependent, the substitution of selenium for tellurium reduces the

additional scattering due to lattice defects. At low temperatures, the

scattering becomes evident on ionized centres. The highest figure of merit

at room temperature, connected with the most favourable temperature range for

the application of the Peltier method, is the 90-10 mixture prepared with

optimum halogen doping.

0
91
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Decreased figure of merit values for the n-ty.e at low teoperaturss is

connected with lowered thermal emf, but increased electrical and thermal

condctivity. Thetmal lattice scattering and . one...... ----.. ade-at 200 C,

the lattice portion of the ther-al conductivity is .0109 W/cm dog. This

value closely approaches the minimum of the lattice thermal conductivity

nominally at about 20 mole percent bismuth selenide. If it is wished to dis-

place the figure of merit maximum towards a higher temperatire, the selenide

portion may be increased In order to increase the energy gap. Strong doping

also allows intrinsic conduction to occur only at higher tempcrl.tures. Both

methods, however, produce a decrease In the maximum figure of merit.

ii

WYcKrO, R.* CRYSTAL STRUCTURES. 2nd. ad. N.Y., Interscien<e Publishers,
1963. V. 2, p. 2g-30. j

WYCKOFF, R.** CRYSTAL STRUCTURES. 2nd. ed. N.Y., Interscience Publinhaer,
1-963. V. 1, p. 86.

DONNAY, J.D.H. CRYSTAL DATA. DETERMIJNATIVE TABLES. 2nd. ad. American
Crystallography Association, 1963.

HANSUN, M. CONSTITUTION OF BINARY ALLOYS. 2nd. ed., prepared with the
cooperation of ANDERNO, K. N.Y., McGraw-Hill, 1958. p. 335 and 340.
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REEIARCH ANO TECHNOLOGY OIVISION 01

IR PORC9 SYOTEMS COM04AND

PRIPARID MY ELECTRONIC PROPERTIES IP.rORMATION CiNTER * HUGHIS AIRCRAFT COMPANY. CULVIER CITY, CALIFORNIA

BISMUTH TELLURIDE

ABSORPTION a a ) Photon energy (0V)
.s ,14 .12 .11

U

40
q

UAbsorption coefficient in single crystalH

Bi 2 Te 3 as a function of wavelength at 3000 K.

Measurments on (0001) cleavage plane.

n zx10 1cc at 3000K.

p a .055 ohm-cm.

pp pp *ilip

Wavelength (microns)

[Ref. 10535J

Wavelength (microns)

a 8.3 8.9 9.5 10S60 , I i "v -

550 *
Absorption edge data for single crystal, n-type,

40 - Bi 2 Te3 1 shov.i by the square root of the absorption
'9. *coefficient as a function of photon energy.

6 6 " Curves are calculated from transmission meaoure-
4-s0 " ments made at three temperatures on a nearly

16 intrinsic sample, iodine-compensated, on the
" " -D ' (0001) cleavage plane.

00 (Ref. 3124J

0.17 0.16 0.15 0.14 0.13 0.52

Photon energy WeV)

0li

11Ei
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m~~~ MO PI(Ml, AU)OLOCS0
110166ARCH AN% TECHNOLOGY DIVISION * BpWi a
AIR FORCE YiT&M6 COMMAND -

PREPARDO MY ELECTRONIC PROPERTIES INPORMATION CENTR * NIGUON• AIRCRAFT COMPANY. CULVER CITY. CALIFORNIA

BISMUTH TELLURIDE

ABSORPTION

11o0 K 19304( II8 2930K(

200=-T~ 2000Io l ; I C , I ' '

,. •l XI I '
ý4;

p-TYPE

1 10

C, I I\+.. ,000 ,0 0

5 r0

0.10 C.I? 006 Q15 Q.14 0L13 a1I2 0.19 0.18 OLIT 0.16 0.15 0.14 O.13 Q12

"Photon energy (eV)

Iit A co~rison between the measured and calculated absorption edges in single

crystal, n- and p-type, B 2 Te 3 samples, showing the effects of degeneracy
at 2 teWp~rtefft -i

absorption edges, at two teamperatures, for" the single crystal, n-tyrpe,
i~ntri~nsi.c wple shown on preceding page, given here for comparison.

--- clculated edges showingl effects of degeneracy at 118 and 2920K. !

Points show experimental data

[Ref. -3124]
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AM FOUCK MAlIAMLSIGUATUY
RESEARCH AND T8CMNOLO@Y DIVISION
AIR FORCE SYSTEMS COMMAND 1 1.

PREI[PARED BY $GTRUNIC PROPERIESI INFORMATION CENTER * HUGF]S AIRCRAFT COMPANY. CULVER CITY. CALIFORNIA

DISKUTH TELLURIDE

ABSORPTION

Photon energy (ev)

Photon energy (eV) ,

4.. *4 P4

4-1II
i I IIi i I "S S

Wavelength (microns) Wavelength (microns)

Free carrier absorption In single crystal Di2To3 at 300 0 K. Values are calculated

fron transmission measurements on (0001) cleavage plane. Absorption coefficient,
* -, As. Values of a ae shown on curves, by solid lines.

p-type n-type
carrer concentration n, at8•40 K

3. 5xl018/cc o 1.3xlO19/cc
V 2.x.I i 3.sxlOis

Sx 1.,x1 .1
Z% l.?xIO (intrinsic)

0[Ref. 524)

13
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PRIPAR9o DY RLICTRfONIC P@OPIRIORO INFORMATION C6•NTIV * 1HUGI49 A8IRCRAFT COMPANY. CULV~iN Ctly CALIPORN1A

ISNUMh TEUAMIDE

ADSOPTIOPgi W PO 
Photon energy (0Y)

Infrared transmission as a function of E"
wavelength for hiShly purified, p-type IVo

single crystal 9i2Te9 at two temperatures. , . -

Thickness wo 0.06 m and illumination 05_

was rot"" to the cleavage plane (0001). 04 9 -

7.4 .0 t.o 10.0 11.0 30

Wavelength (microns)

(Rsf. 2066]

Photon energy (0v)

Transmission as a function of wavelength for
single crystal, n-type Di 2Te 3 at 118 0 K, using

light polarized In the two principal directions.
The ample Is iodine copensated-intrinsic.

LE. polarized light parallel to cleavage planes;

E polarized light perpendicular to cleavage
Splanl, (0001).

CL t(Ref. 3120]

0dE
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PRIPARED *Y ILECTIONIC PROPIETiBS INFORMAYION CEINTER HUGHES AIRCRAFT COMPANY, CULVER CITY, CALIFORNIA

BISNUTH TELLUJRIDE

ADSORPTION

oo V

t1,oK

4 -

S! :
a o o6 UO .4 o

171

0 06 10 to to
,- P-HOTON CNRW IV1 -

Absorption coefficient as a function of photon ener"y f•r single crystel,
(A) and ftilm (B) Di 2 Te 3 , depo•ited on the (111) plane of a KC1 eubstrto,.

The singls crystal shows a dirvct interband transition at 0.16 eV and a
higher transltion at 0.3 eV.

[Ref. 224•'01

0
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PftSPARXO MY tLaernONic PnopsaTmia INFORMATION CENTSM * NONUOM AIRCRAFT COMPANY. CULvan CIry. CALIFORNIA

DISHM3 TELWRWC

-3

0L1-..

aI A.6 61 1 . I

-2V

_ - n- 9~~1~ 1,263

aVvaengtb (micronst)

Treammsslan as a function of wavelength for:

1. SIM~g1 crystal, thin sect ion, p-type Bi 2To 3

1.9 2p 3. Thin evaporsted films of p-type Bi 2Te 3

(Ref. 2711]
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RSMARCH AN D TEC HNOLOGY DIVISION Ir r MQ rjgL2 K M L f f
AIR FORC9I SYSTEMS COMMANO

PR !PAffO BY ELECTRONIC PROPERTIES INFORMATION CENTER * NUOMHI AIRCRAFT COMPANY. CULVER CITY. CALIFORNIA

BISMUTFH SLLEWIDE

ABSORPTION Photon energy (eV)

.42 .41 .41 .10

to-

Transmission as a function of wavelength
for films and pressed powder di-sks .f
n-type Bi Se at 3000 K,

.2 3

CL

o0 -- 2
ocWavelength (microns)

) [Ref. 3097J

Photon energy (eV)

S__Transmission as a function of wavelength
___ for purified single crystal, n-type Bi 2 Se 3

= - -d at 3000 K. Illumination normal to the
I- i• cleavage plane (0001), of a 0.03 mm thick

sample. Carrier concentration is 2xI0 1 9 /cc.

2 34 5S?(Ref. 2866J2 a34 6 6 7

Wavelength (microns)

17
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REARC64 AN TSCHNOLO(DY DIVISION rrUJS~ U.U~

PREPARED BY ELECTRONIC PROPERTIES INFORMATION CENTER. HUGHES AIRCRAFT COMPANY. CULVEP CITY, CA6.IFORNIA

BISMULrTH TELLURIDE-BISMNLTH SELENIDE (Bi 2Te 3 x Se )

ABSORPTION

Photon energy (eV)

;1 .21 .16 .12 .mW .077

66 
ii i 35

A I

r 6

4 ,6 .2 4 - 1

4d-3

1 6 8 10 at 2 14 16 4 6 8a l~ta12i14 ,

WNavelength (micr'ons)

Optical density (normalized transmission) for Bi To3-Bi S.3 polyeTysealline,

(plane parallel) samples at 3000r. Sample speci a iafons given in table.
Curves 1 and 2 for pure Bi 2 Te 3 show transmission interference fringes.

(San le Bi 2 To 3  Bi 2 Se3  Type Thickness (microns)(s gecPrytal) 2)

1 100 - p 3
2 100 - P 17
3 90 10 p 20
6 so 20 p 30

70 30 n 440
8 66.7 33.3 21
9 60 40 38
A1 50 50 29
11 40 0 69
12 30 70 21
15 - 100 25 0

[Ref. 22468]
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REISEARCH AND TECHNWLOGY DIVISION I H
AIIR FORC9 *YSTEMS CO MAND 1.11 MINTER_____________

PREPAR•ED DY ELECTRONIC PROPERi! •E INFORMATION CENTER * HUGHES AIRCRAFT COMPANY. CULVIER CITY. CALIFORNIA

BISMUTH TELLURIDE-BISMUTH SELENIDE (Bi2To 3 .xSex)

DEBYE TEMPERATURE (8 D)

Sample
a s.h. • t.c. T2K Bi2T3 Ref.

155.5 23 0 macrocrystallin. 7764

161 80 polycrystalline 3030
158 90
159 100
151 120
165 140
171 160
182 180
190 200
212 220 3030

117 71.6 10 single crystal, 3466
127.5 79.3 15 n-, and p-typ

"42 SS..,
95.3 25I
98.2 30 3466

Bi 2 So3

180 80 polycrystall ine 3030

a t.,. is calculated frim thermal conductivity data

0 .h. is calculated frcm specific heat data0

is

&AN Co..-
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PREPARED BY ELECTRONIC PROPERTIES INFORMATION CENTER * HUGHES AIRCRAFT COMPANY, CULVER CITY. CALIvORNIA

BISMUTH TELLURIDE

DEBYE TEMPERATURE

175

150 _ . -

+++- _ _ 9
4.5\

ISO

0 10 20 30 40 50

Temperature (oK)

Characteristic Debye temperature for macrocr~ystalline, p-type Bi2Te3 between 1.37

r23

and 50 0 K, derived from the cxperimental heat capacity data. The region below 3.5oK
is shown separately and corrPesponds to the portion of the main figure which has
no points. The crosses indicate values calculated on the assumption that the
entire measur•ed heat capacity is due to the lattice.

rRef. 7764])+

20
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PREPARED DY ELECTRONIC PROPERTIESg INFORMATION CENTER * HUGHES AIRCRAFT COMPANY. CULV[R CITY, CALIFORNIA

BISMUTH TELLURIDE

DIELECTRIC CONSTANT (e)

§y~bol Value Sample Wavelength Temperature Ref.

I % 100 (est.) single crystal, n-type 14854
0o n - 3x10l7-6xlOl 9 /cc

C 3  64.6 single crystal, n-type 8 to 14 p 1180 K 3124
nearly intrinsic, calc.
from index of refraction
n = 9.2

Thorough search of the literature indicates no successful measurements
have been made for dielectric constant or refractive index of bismuth
selenide.

21
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PREPARED MY ELECTRONIC PROPIERTIES INFORMATION CIENTER IHUGNEIS AIRCRAFT COMPANY. CULVER CITY. CALIFORNIA

BISMUTH TELLURIDE

DIELECTRIC CONSTANT Wavelength (microns)

S.62 .21 .12

120

Real and imaginary part of the dielectric ' 0

constant c and , as a function of

photon energy in single crystal, p-type • 8
Di iTe3. Radiation normal to the cleavage

A 3 6plane (0001) E . Values calculated f1oii +
r-

reflectivity measurements.
41 40

20

-40v I- "

0 2 4 6 8 10 12

Photon energy (eV)
(Ref. 22468)

0 -_ _ __E_ _ _

4 Anisotropy of dielectri:c constalnt in single
041 crystal Bi2Te.

x is Eve,

a. 4

An Is dtelectro c constant measured padallel

to c-a is or (0001)

c.L is dielectric constant measured normal
to (0001)

Rotation angle (deg)
2Ref. 10299) 2-J
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PREPARED My ELECTRONIC PROPERTIES INFORMATION CENTER . HUOHEE AI•C.AFT COMPANY, CVr. . iTy. CALIPORNIA

BISMUTH TELLURIDE

EFFECTIVE KASS (m*)

!Z!!Lo1 V. lue Sample Test Measurement Twoperature Ref.

a .0505 single crystal, p-type magnatoelectric 3000K 18204

S2 209 I
m .386 18204

m f 0.114 single crystal magnetoelectric 2, 4, and 9763
c1 at 110 kOe 77 0 K

mC. 0.145

m 0.236 9763
c 3

1 ct 0.13 single crystal, p-type deHaas-vanAlphen 1.4-4.2 0 K 11903
n % 1001 8 /cc, field parallel oscillations to
(0001) 190 kG

Faraday rotation Optical absorption n, cm-3 Singlecystal

at 17 kOe and at A a 8-20p, made
A = 8-15P and 780K at 3000K

0.26 - 1 •xl0 p 524
- 0.35 1.3xiOis

0.25 0.28 3.Bxlo p

0.15 0.15 1.7x1 8  nIcopnst- 0.16 1 10 18 n

O.14 0.13 3.5x10 n 524

O Field parallel (0001) A normal (0001)

f atC x cyclotron effective Mass

23
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PREPARED) BY ELECTRONIC PROPlrRIEU1 INFORMATION CENTER * HILOME AIRCRAFT COMPANY. CULVER CITY. CALIFORNIA

DISMUTH TELLURIDE

EFFECTIVE MASS

S_,Lbo1 Value w Teat Measurement Tefperlatur Ref.

% 0.32 single crystal, n-type, thermal emf 300 0 K 2624
iodine and tellurim-doped

; 0.4e6 single crystal, p-type,
bismuth and lead-doped 2624

S0.511 stne c •stl, Hall 280 0 K 9763n p 6x1018/cc

DS 0.511., single crystal, p-type, Hall 77 0 K 3207n a 3xlOZ /cc •.

0.055 single crystal, n-type thermal emf 4.20K 14854

(Imm T~ioe-doped, n .4LV- /U%;conductiLon

band)

'DS ' density of states effective mass

% 1.07 single crystal, p-type, 19 electrical 1 00-7000K 407
normal to c-axis, n a 1.4x10 /cc thermal emf

up 1,26 4kG field 407

u 1.46 polycrystalline, p-type, Hall coefficient 20K 7764

a a 4x0 1 9 /cc and specific heat

These excessively high effective mass values are due in part to channeling in
a polycrystalline sample, but even more to neglect of the anisotropy factor in
the electromagnetic measurements. The present interpretation of a six-valley
bend sttowtwe would reduce these high values by a factor of 3 with the intro-
ductLoa of the tetsor components.

24
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DISIUTH SELENIDE

£rFECTIVE MASS

SymlolSample Test Measurement Tawperatur. Ref.

* 0.16 polycrystalline Hall '00OK 2473

an 0.19 polycrystallin:, n-typf thermal oaf 1000K 21372
n a 6.7 1017 ad 3x1 0'D/cc

an~ 0.16 polycrystalline, n-type, thermal omf 100OK 21372
n a 4.2x1018 and 5.4x1018/cc

* ~0.4 (calc.) macrocrgstalline, n-type, electrical 3000K 2538

n0 01c
ra2/131  0.33 single crystal, n-type ,aagnotolectric 900K 3350

4.2 (0001) cleavage plane

01:112 :a 3 (1.0:0.33:4.2) 1350
Di 2To3

a a2 1.21 single crystal, n-type magnetoelectric 770K 2360

0/a2 0.093 1 1 j
a11mis3(1.0:0.83:.077) 260

80% DiTe -20% Di So

an 1.1 polycrystallins. thqrual oaf 77-630GK 14600

0 n U109c

1.3 macrocrystaliine, n-type, thermal oaf 3000K 2538
I-doped

25
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BISMUTH TELURIDE-BISNtUTH S]CL21IDE (Bi 2 To 3 -xSe%)

EFFECTIVE MASS

1o .,. -\1 I

00

OF I D:1 j V 0 2 A S#0

Composition (at.%)

Effective mass as a function of composition for macrocrystalline,
iodine-doped samples in the Bi 2Te3-Bi2S3 system at 300*K. Figure

of merit measurements for same samples are shown.

t Usual figuzre of merit In defined as
[Ret. 2538]

26
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BISMUTH TELLURIDE-BISMLUTH SELENIDE

ELECTRICAL CONDUCTIVITY (0)

[AdJitional conductivity curves will be found In THERMOELECTRIC PROPERTIES Section]

Temperature dependence of the electrical
conductivity of otoichiometric D1 SO in I -00 - , ,
the solid and liquid states. 2 3 r4

Temperature (C

0 ("C)

( Ref. 3528)

Both solid and liquid Bi 2Te 3 and Bi 2 Se3 are semiconductors, but on fusion they show

metallic type conductivity.
tm - melting point

i"A
[r,,'•€conductivity of stoichiometric Bi2To• In

W 4W .m.w. . the solid ndliquid states.

Ta4 -ture (00 [ Re f. 15281

r27
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Towperaturms dependence if 1
olectrical cotndciwvivty as a 4
f-wir.tion of thmperature tor .0 31t
Sinl. crystal, n-type Bi ,To3  "
n IL 1019/cc for three similar - 'i

samplee. Conductivity normal b,2.103 J0
to (0001) In about 0.1 of the
parallel conductivity. *

~Parallel to cleavage pl.ans 1.1 0.0

-- normal to cleavage plane
(0o01) S300 400 500 600 700

* ~Tempereture (0 1()

(Reaf. 631J

OK

-0

%4 Electrical conductivity as a function of
r',cipr.cal tumper~ature for single crystal,

p-type 81 Te cut on the (0001) cleavageI plane.
0 2095 o Stoichiometric Bi Te n 1. 4x10 /cc.

-. 4wo 2o~ I 23'
Purified Bi and Te wer'e used.

hi I (Ref. 407)

J1remperttuz' (10s 3~ or)-
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PREPARED MY ELECTRONIC PROPERTIES INFORM-%TION CENTER • HUGHES AIRCRAFT COMPANY. CULVER CITY. CALIFORNIA

BISMUTH TELLURIDE

ELECTRICAL CONDUCTIVITY

PARALLZL
OR[i N! TAT ION

PARALLEL -4II \RiENTATION * 10 a

RATVO OF -

CON.UCTIViTIE5CONDUc"IVITtl,

-- PERPENDICULAR PERPE NOICULAR

ORIENTATION ORIENTATION

11,11 1000611 1009K 100O0K

Temperatur (°K)

1-dop od , n- typ o e p r tu e ( X undoped, p-T'ype

Cond uct ivity an d] conductiv it~y r atio of two types o f single crystal B 2 T o3 as a

fu~nction of temperature. Measurements are taken parallel and normal to ?0001). The

zaro slope of the conductivity ratio in the undoped sample indicates a multiple carrier
and lattice scattering mechanism at 300-700K, whereas, the O.2n slope in the iodine-
Sdoped sample f 100-3000K indicates anisotropy due to a single carrier and multiple

IRon. 19827J

29
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PREPARED SY ELECTRONIC PFRPERTI94 INPORMATION (-KNTER * IIUOiH95 AIRCRAFT COMPANY. CULVIR CITY, CALIFORNIA

BISMUTH SELENIDE

EL•CTRICAL CONDUCTIVITY

II
0 4.103

3.103

2.1

t "m.300 400 5X) (00

S 1.1011 - L

300 400 500 600

Tempevrature (OK)

Electrical conductivity as a function of temperature for Bi 2S3 n-type,

single crystals parallel to their cleavage plane, (0001). Carrier
concentrations are not specified for individual samples, n % 2x1019/cc.
Conductivity norwal to the cleavage plane is about 60 (ohm-cm)-l at 300 0 K
or approximately 3% of the parallel conductivity.

[Ref. 630o

30

/ :



AMl FWl IKAIDIAJ LANSATOSY INEOMTIN C UGRESKARCH AND T9CNNOLOOY DIVISION msC

flAIR pomogx SYSTEMG COMMAND C ;MnC11 =

PRN*^RED BY ELECTRONIC PRoPERTIl INFORMATION CENTER • NU0HG AIRSCRAFT COMPANY. CULVR CITY. CAFIPORNIA

BISMUTH TELLURIDE-BISMUTH SELENIXi)3 (BI2 Te 3xSe)

ELECTRICAL CONDUCTIVITY

Electrical conductivity as a - - - -

function of composition in silver 4 -
Lodide-depod, n-tylpe, polycrystal- •.

line samples of the Bi 2 Te 3 -Bi 2 So.3  A -1300 -4

system at 300 0 K. The mixed crystals
are homogeneous throughout, M -'
according to x-rAy investigation, . .

whichshows a c.tinuous decrease ~--
in the lattice constants with j - J
increase in selenium content. t 3 C

Bi 2 Te 2 Sc0 
[Ref. 3867)

" ! II

Electrical conductivity as a function
of composition for macr-crystalline
samoles of Bi Te Se , undoped, at

.4 ý 300 0 K.

4 SW 5 [Ref. 3067J

312 3-...
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PREPAREDO SY XLIC"ONIC PROPERNTIES INFORMATION CENTER * MUOHNl AINCRAFT COMPANY, CULVER CITY. CALIPORNIA

BISMUTH TELLURIDE-BISMUTH SELENIDE (Bi 2 Te 3 _XSeX)

ELECTRICAL CONDUCTIVITY
'-4 Temperature (OK)

500 250 166 1005 /06
'0/1

AE-aygov

Te.erature (Q/Ke

H -

j. /Temnperaivure(13 K1

Electrical conductivity as a function of

W all with low carrier concentrations which
are obtained by compensation. Samples are

a0- -, single crystal, n-, and p-type, A) Bi 2 Te 3 ;
P UB) 90% Bi 2Te 3-10% Bi 2So and C)

Bi Te Se.
2 3

Curves are identified bv sample numbers,
however, no definite specifications are
given.

1/Temperature (10i3 OX-1  (Ref. 109¶84]

"10"
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PREPARED 4Y ELECTRONIC PROPERTIER INFORMATION CENTER * HUGH8 AIRCRAFT COMPANY, CU&.VER CITY. CALIFORNIA

BISMUTH TELLURIDE-BISNUTH SELENIDE (Bi 2 Te 3oxSo)

ELECTRICAL CONDUCTIVITY

.• n"-type•

P 11

Di~~A - 4(2)

ap U /0 1 S /1 15l7 *'

0~y'* ~ 4~f

............................... g•,................. .. ......•..... , _--./..........•-•- 'a ..... .u ,mt..i - ..

additionscaus isalty g2was aeasure seea month aleIA~

(Ref. 2538J

3,3
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BISMUTH TELLURIDE

ELECTRICAL CONDUCTIVITY

Mean Free Path

SV 0

. A ll I I

TetmperatuIre (OK)

Phor-or, ,.ean free path as a function of temperature in single
crystal n-, or p-type Bi 2 Te 3 , calculated from specific heat and
thermal conductivity mea surements. (Ref. 3466J

0
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PREPARED MY ELECTRONIC PROPERTIES INOORMATION CENTER * HUGHEI AIRCRAFT COMPANY. G1LVI&R CITY. CALIFORNIA

BISMUTH TELLURIDE

ELECTRICAL RESISTIVITY (0)

Electrical resistivity as a function of
temperature for tellurium doped, n-type
Bi 2 Te 3 , single crystal.

n, cm ..
- _17

A 2.4xlO_ 17
0 5.3xlO

A 3.0x10Oi
0 3•4xlO1 8

S• 1.2xlO •

a 6.8xlO I 'o-1w.

(Ref. 148541]

OK

0 t- Resistivity as a function of reciprocal
temperature for one n-type, and two

SIF" Lp-type apecimens of Bi 2Te 3 . The samples

-- are single crystal, n-type have excess
- telluvium or iodine.

_ np =SxlO1 /cc at 3000 K

/ e e t p-type are bismuth or lead-doped
I / T e p a r a u r e ( 1 0 0 Kn n = 5 x 1 0 i s/ c c a t 3 0 0 0K .

[Ref. 2624]

35
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BISMUTH TELLURIDE

ELECTRICAL RESISTIVITY

i~ o•i i." ij , /c') ,'i 6' ) ...

L _•

4-' 4

No6Nalizad elctrical eresi stivity as 0.90
a function of pressufe for two single
crystal, p-type, Te-doped Bi Tet

2 3?

samples at two temper-atures. Current • e0oo , , 80o : :

U 9 0 . Cretnormal toth rotation axis.an

parallel to (0001).a en

T is given temperature 0.0 a19K

P is pressure tion i 29ost
0 is zero pressure •

0 o 4 6 a 10

Pressutre (10 k/cm

[Ref. 18361]

45

ý 0r80s a fuunction of pressure for sin(le
3 cystal, n-type, Te-doped Bi 6Te atS~2950K. Current normal to r'otation axis.

0.700.70 parallel to (0001). Carrier concentra-
S~tion is lowest for- sample #1, and

highest for #6.

0.50 • l , I t l , I i i , I ! I J I , I •
01 2 3 4 5 6 7 8 9 10

Pressure (10• kgkme
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BISIIUTH TELLURIDE

ELECTRICAL RESISTIVITY

Variation of A normalized electrical " 1.0
roesi-ance of Bi 2 To 3 with pre-nure up
to 200 000 atm at 3nOI. R Is

302
electrical resistance at 25 600 kg/cm
and is taken as the Initial resistance. o

-4 Q'•W I

Pressure x 103 (kg/cm
2 )

[Ref. 16009]

Seo.o 'i' ,, 'I' 'lii" )•''_
A I

X Bi To&l (P" -YPE)

10.0 I ATMOSP"4ERE
1 0 .* - I50 A M 6 t E

S8.00 R
om 0 o0

"5 .00 I 10i 000

S4.00
4- 3.00 -2 0

2.00 Resistivity as a function of reciprocal
temperature for H1i2T. single crystal,

from 1 to 30 000 atmospheres.
1.00 1, t I I

2.3 Z.7 3.1 3.5 3.1 4.3 4.7 0.0
(Ref. 21112]

C) I/Temperature (103 OK-)
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BIS•tUTH TELLURIDE

ELECTRICAL RESISTIVITY IJe
va e

Effect of hydrostatic pressure on the o 0o b 0.9
normalized electrical resistivity of .. ... A 1 *:

B12To3 at 300oK. C O.e8-
V

a. b: sample Ip-type 0.7A
c, d: sample II, p-type V.I
a, f: 2 samples, n-type N 1 0.6

a c, 0, -it increasing aressurs

c, d, f, at decreasing pressure

Piezoloefficient of r'esistlvity for 1 to 2Z O .±i t . .. t i,.£ L i L
15xiO kg/cm2" 0 2 4 6 S 10 12 14 16

l/R:.R/AP 5 3.SxlO25kg - Pressure x 10 (kr./cm

l~xI0~kg/cm. -2 Ref. 16204.)

1.0

0.9

Normalized electrical resistivity cF single
Scrystall B 2 To3 as a function of hydrostatic

OLT 0 -- pressures of 20-95 kg/cm7 at 300'K.

0. - %- -1, 2: sample 1, p-typeI-I.
, I 3, 4, 5, 6, 7: sample II, p-tvpe

,4 08, 9: 2 samples, n-type

0 - 9 All curves at increasing pressure. except
* Ia, at decreasing preasur

02 (Ref. 16?Ci4]

20 30 40 50 60 090 100 ()
Pressure X 103 (k/Cm2) 2
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PROPANSO DY XLKCTRYONIC PROPa~t-It INPOAMATION CENT1N * HUG"NS AIRCtAPT CDMPAMV ___ *.yALO' ;

BISMUTH TEbLURIDL

ELECTRICAL P•SISTIVITY

0

Eltectrical resistivity of single crystal Bi T3as a wunctlou of tempearatur at several consta:t

hydrostaic atessres.ri.

2 p 5 70'o• o
3 P 10 365

4p atmospheric O .
5 p 8 3406 P 11 150 " 1

6L

7 n atmospheric
8 n 8 290 a4
9 n 11 650 0."

0.2 " ""
0 20 4,0 60 10 100

levr",.rature %0C)

-C.[(Ref. 16204]

I.-I -. -r aI T

t .6
,4 - -0.

,o0 [ .L.J
0o I O 3 0 0 40 t. "I .

0.6 103/,.,,•F ( "/ -m z % istivity and Hall mobility of
* • 0.• pr &sed Bi Te3 pow•ers as a

.. ~ function oi grain size at 770K.S0.4 200 The powders are p-type,
o. 200 n % 7xlo 91cc.

S.C. Is single crystal0 400 g00 1200 1600 tw0 : P.C. is polycrystalline

Particle slze (microns) r is a 4pg,M.n boundary volume

39 [Ref. 8758]
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BISMUTH SELENIDE

ELECTRICAL RESISTIVITY- 0 150 (7 25*K

Electrical resistivity as a function 6

of reciprocal temperatr-e for --
polycrystalline BASe.

S a p l n ,- . .c m. _ _ ,* 44
0020  no.9-t

20 41
9-5 ~ 2 5x10ne

S20

9-18 2:2xl02 0  
. a a

zI 3 4 5 a 7 0I

l/Tempcrature (103 O K-)

(Ref. 3097]

)

o00 250 fee jag 1oo OK

4 Electrical resistivity as a function

of reciprocal temperature for single
crystal Bi 2 Se 3 , (0001) cleavage plane.

Sample n, cm

10 18
6-13, parallel 3. 3xlO01 8

W16-13. normal 2.510181
6-25, parallel 2.30xlO 18

S--6-25, normal 1.82x10 1

e- e6• [Ref. 3097]

•~S I-- I

1/Temperature (lo0 OK') *¾
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PRrPARED BY .I"CTRONIC PqOPERNTIEr INFORMATION CENTER * HUaHES AIRCRAFT COMPANY. CULVER CITY, CALIFORNIA

BSHISTH SELENIDE

LLECTRICAL RESISTIVITY-. --

Electrical resistivity of BiSe alloys ___

as a function of Se contenot at 300 0 K.
The alloys were maurocrystalline. A
h!,gh purit-y grade of selenium was used a , s•o
with two co~oercial grade* of bismuth. I
The Cerro bismuth was purer than the 4:

d.S.S. brand, although the latter was P. e. S.

purified before use. 4J

Weight (%So)

330i V I, - [Ref 12 51

"ii"

la.W

oK [Re. 1e51

6 Electrical resistivity as a function of

0 -C row reciprocal temp~erature for single crystn.~l
Sn-type BAi Se , parallel (0001). Tempera-

At.4% ture in is also given.

1/Tewerature (i03 Oj-l) [Ref. 7839]
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PR9PARASD bW 9LECTRONIC P`ROPENTIES iNPioNaTIO CENTERI - 14WONS AIRCRAFT COMPANY. CULVERI CITY. CAI.IORNIA

BISMUJTH SELENIDE

ELECTRICAL RESISTIVITY O

-3 1011000) 500 333 250 200 166 143 125 11I 100
Sapple n, cmi remarks 7--r F-7-
1 0.08
1-1 0.25 6
2 1.0 6
3-6 2.1 zone melt

4-3 52

16-5 .16
4-8 1200-2,
4-30 2
5 2.44 2
5-2 1 61
5-8 9.0 n0-a
5-9 3.0 . J 4-30
5-30 3.20 single crystal -.

6 single earystal 6 6

6-13 3.3 para*.lel 4~ 4
2.5 norl 4l

6-14 0.598

6-14-1 0.742
6-25 2.30 parallel,

single psa5-
1.82 normal

7 1.5 0.077% In-.doped 10- 7
7-5 8.6 1.2% In-doI.'da4-
8-3 6.286-
10-28 0.01% Cu-dop'Fl 6 3.

10-29 0.1% Cu-doped 44- 3

1/Tomperature (10 j QK_1)

Electrical resistivity as a function of reciproC~l temperature in single and

polycrystalline Bi2Sl Re.307
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BISMUTH TELLURIDE-BISMUTH SELLAIDE (Bi 2 To 3 -xSeS)

ELECTRICAL RESISTIVITY

50 25 12 oo ,5 WS ,

- bo-e'•.I, A IBvS 2%' I
S•~ ~ ~ X %To, -10Te-% N•Se x.26% l"

X -LI7 IL- - - - aii--13  1%B

-40A

/Tomperature (10 ox -1

Electrical resistivity as a function of temperature for tvo
B1 To -B1 so alloys, also two 81 T2o samples, one is n-type,

the other is p-typo.

[Ref. 15503J
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BISZIUTH TELLURIDE

ELE.CTRON PHOTOEM4ISSION

o
4.,

-IW

I; I3

4 4.0 40 -- 4. 2U

Photon enorgy (c?)

Electron photoemi.ssion yield as a function :,f photon energy for
freshly cleaved single crystal Bi23, (T o 3 L.00. at 300VK and fields
up to 5' S volts.

(Raf. 4933

o4A
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BZSMUTH TELLURIDE I
ELECTRONIC SPECIFIC HEAT (y)

S. b Value Sam=l Test Method Temperature Ref.

y 17 * 8xlO-5Joul/deg 2 /g-atom macrvcrystalline specific 1.37-650 K 7764
p-type heat

0

-l

45
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00

C.,I II
-4 to~.I"

It C-

510 10 *0 ro + It

0 4 U1 - 0A

4JJ~ V)+jW

0; IX

P- -4.t~ IV fz u~I
... 0) 0M

4d .4.. IV ~ -. . ~

IV"

400 w A4r
a, 14

&44 It. 0 14 0
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BISMUTH TELLURIDL
0.35 - - - -

ENERGY BANDS 0 a

0.30 -

Lifect of pressure on energy gap for 025
p-type, single crystal b. 2 Te 3 , (0001).
a) Measured by the hydrostatic method;
b) data from [Ref. 211121. Although 0.20
the slope remain8 fairly constant the
absolute values vary, due possibly, to 1114
daformation during experiment. I"-S0,15 "

Sample 1 and 2 are cut from one single • A

crystal, 3, 4, and 7 fro- another single-

0.05

0 10 20 30 40 50 60

Pressure (kbar)

(Ref. 16204]

8qT.%(n-TYFE)

Shift in tnergy gap with pressure in n-type,
single crystal Bi 2Te n % 1017 /cc. At

1 atm. measurements were made from 199-3936K.
o 3 At highbr pressures, 3000 K was the lower

temperature limit.

Ott x2
F•sur x 10• (atm) [Ref. 21112]

_ _..- . - -.
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BISMUTH TELLURIDE-BISMUTH SELE•IDE (Bi2 To3  So)

ENERGY BANDS

TA and rD are degenerate. Five bands nearly
horizontal across the rZ direction are assumed. - zz
They show small energy differences at r and Z. 6
r 6 (rI) characterizes the states arising frci
nondegenerate states of the single group. 5

The scheme explains the occurrence of the
satellite peaks in the reflectivity spectra 4

of the alloys as the energy distance of a z,
certain gap at r and Z increases and resolution hr3 [
In the spectra becomes possible.

Derived from reflectivity data at 77-3000K (rr) (,.
on single crystal BI TTo BI 2 Se 3 and poly-
crystalline alloys oi these two compounds (r,".2) W,*i

In varying proportions. (e~

"4 4 ( S4,z;) I.•

-z •- -- (n*,n4)_ !

A,D 11 r A Z
(iQO0iO) (000) (ill)

[Ref. 22468]

"In Bi Te. the autfaces of constant energy are almost spheroidal and are highly

compressse In a direction nearly parallel to the three-fold axis of rotation of the
cytl"[Ref. 23601

"In i_2 Se 3 the surfaces of coastant energy are ellipsoidal and are compressed in the
x-direction and extended nearly parallel to the three-fold axis of rotation."

[Ref. 3350]
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BISMUTH TELLURIDE-BISMUTH SELENIDE (Bi 2Te 3xSe)

ENERGY BANDS

ce.doI.111I ble

............... I

C ' " a/_/_tZu S / * / / / / ,-.-.- -- =z- coad..cvi,.I ba04

If a few donors are present over the narrow conductivity
band, then weak n-type conductivity occurs at low temperatures.
As the temperature rises, transitions take place from the valence
u. t~e narrow conduction baixd. As the narrow band is filled,
the condctivity increases. As a consequence ot the temperature
dependence of the mobility, there is a conductivity decrease
until intrinsic conductivity begins, i.e., until there is a
transition of electrons into the main conductivity band.
Because of the higher mobility in this band, there ensues
the second aign change in the Hall field and the thermal emf.
Since the energy gap is smaller for the telluride than the
aixsd telluride-selenide, the narrow band for the bismuth
tellturide possibly lies nearer the conductivity band, with the
result that the maturatlon effect in the electrical conductivity
is covered by the intrinsic condu civity.

[Ref. 10984]
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BISKUTH TELLURIDE

ENERGY GAP (Eg)

Value(eV) Sample Test measurement Temperature Ref.

0.16 single and macrocrystalline, electrical 0OK 2595
intrinsic (iodine compensated) conductivity

0.171 single crystal, n-type, n % 10 1/cc electrical 0°K 21112
resistivity, ý-30 000
atm.. 199-3930 K

0.21 single crystal, p-type, cleavage electrical OOK 407
normal to cT~xis (0001)
n= l.4xl0 /ccP

0.16* single crystal, highly purified optical 77 0 K 2866

0.18 single crystal, less pure " " 2866

0420 :ir~gla crat cleavage Diane, (0661 e-Jectrica! 7370 80i
n-type, n £ 3 and 9xlOi/Cc,
p-type, n a 3 and 4x101 8

cone refined, p-type, n x 2x19Ig

0.13 single crystal, p-typ*, intrinsic, optical, 300 0 K 3124
parallel (0001) A x 8-14p

0.14 single cgytal, p-type, (000i) electrical 3000t( 10535
a= 5x1017/cc conductivity

0-1* single crystal, highly purified optical 300 0 K 2866

value for purest material

so
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BISMUTH S=NlDE

ENERGY CAP (ES)

Value (OV) Sample Test Measuremenit Temperature Ref.

0.275 polycrsytalline IR tranumission 3009 K 2785

0.35 single crystal IR optical and 3000 K 2866
transition

0.40 so 'I 770K 2866

0.36 single crystal, n-type,pallei electrical > 7500KI 7839
(0001), n 3o0K w SOO0 7/cc

0.23 polycrystal.•ine, n-type elec. resist. OOK 3097

0.2 optical abn. at 1-eu

0.e4 dlec. resist. 3097

BISMUTH TEWURIDE-BISHUTH SELLENIDE (BiT3 Se)

ENERGY GAP (Eg)

single cry3tal, doped or
compnsatred. 0 c x 4 1,

Therwal (We) Optica1 (eV) (low conductivity)

0.16 0.15 B12To 3 slectrical 300 0 K 10984* I I
C ~0.22 0.20 B-T*.7Se0.

0.29 0.30 Bi2 To2 s0984

51
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BISMUTH TELLURIDE- BISMUTH SELLS IDE SY",TEN

ENERCY GAir

Absorption edge as a function of
composition In 3ingle crystal

bismuth selenide svstem. Tncident
illumination normal to (0001) cleavage AUSOAPTION E0G IN B1 .,-B's*. SYSTEM

pl,-t------- COrrOc0ed f0i de•gnsfaCy

-.. ..- ,u- neo•rocled

0 20 ,0 6 0 8 0 1: 0M~o % N*S#s,&•%
al n ,T. -

(Ref. 22468]

Energy gap as a function of composition
for single crystal sample. Data taken
by electrical resistivity measuren(nts,

/ parallel to (0001).

e Miiler at al. (therfmal) [Ref. 15551]1
1, Smith et al. (thermal) [Ref. 7839]

0 Black et al. (optical) [Ref. 20661
I a Austin 3ne Sheard (optical)

FRef. 2785]

W IS 0 1itU 

DIef. 15551]
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B TSMr TELLURIDE-BISMUTH SELENIDE (Bl Te Sex)
2 3-x x

ENEiCY GAP

"" • TM"E. IOFt

hl I
IN RO. LA.A .. 0 2 5 20 1.5 0 0- 0

b 2 TeS ,.,Tt St 5.,Te Se, 5,1591

Energy gap as a function of composition for Bi 2Te 3-Bi 2Se3.

Samples were polycrystalline and purified. A single hexagonal
phase was shown with slight point-to-point inhomogeneity in samples
with over 16 at.A of selenium.

[Re!. 2785)
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BISMUTH TELLURIDE

ENERGY LEVELS

SValue (eV) Dopant SamMpl Test Method TcmneratLrf Ref.

deformation for
Em 0.%.-0.7 EU vacancies single crystal, elec. resist. 300 0 K 5890

and p-tyue
Em 1.09-1.1 Te vacancies " 5890

E is an activation energy for vacancy motion arisinR from DlastiC deforiation which
introduces defects that change p-type material to n-type.

Oxygen and copper act as donors.

EA - 0.4 Ge macrocrystalline, electrical 300OK 15813
normal (0001), conductivity
n = 2xI0 1 9 /cc

Stoichiometric Bi2Te 3 is always p-type, but excess Te or halogens change it tc n-type.
The very high diffusion rate of c-pper in Bi2Te3 produces an n-type matri'.i. 25•h

Iodine acts as a donor in 3i 2 Te 3 . Tin apparently is associated with a trapping level
at 0.01 eV as is seen from Hall measurements between 770 and 200 0 K. 8730
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BISMUTH SLLENIDE

L.LRGY LLVELS

Symbol Value (eV) Sample 'lest Method 'Temperatire Rer.

SED 0.09CB single crystal, n-type, resistivity 125-3500 K 7839
pairallel (0001), and Hall
n 5x10 1 7/cc

0.01% Bi,03 addAd to BiTe,.4Se0.6 polycrystalline, ia-tvpe, n 1. 10 19cc, causes a 40%
decrease in conductivity, but no change in thermal emf. Further addition has no
effect on conduction. 4382

r55
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BISMUTH TELLURIDL-BISMUTH SLLENIDE (831 2 Te 3  Se )

LNL;RGY LEVELS

Composnliun -
""mcI % Thicknen a tl 300'K Az h1* LR ..D,,Tts Biases (0') (PV/deg) Typc V* (CV) (W- (C%) 'C%')

1 00 - 3 253 p
100 - 17 253 P -1-2 8.53 0 145 0 i4S
90 10 20 217 p -0 7 5,98 0 20., (I 203
90 IO 31 217 p -07 6"10 0 207 02t)7
80 20 8 229 I' -('9 4 95 0 24(o 0 24b
80 20 30 224 p -iS 5 05 0 2k0 0 250
70 30 40 -24h, id -- (,9 415 0 29'9 0 299
667 3-3 21 -240 .. -...75 4 30 0 2-, . :.; .1
60 4J 38 -218 to -v 5 4 20 0 295 0295
S 0 50 29 -153 t 0-7 0018 4 45 0-278 "1 2to
40 60 39 -148 R 0-75 002 473 0 262 0 242
30 70 21 -120 n 1.3 0-0 4 490 0 253 0.21'
20 80 15 -; n 2 2 u057 5.00 0 248 0 Il l
10 90 31 -91 . 22 0057 5-08 0 244 0187
0 100 25 --66 n 3 3 0060 5"15 0241 0 155
0 100 18 -55.5 -4 0 5-18 0230
0 100 25 -73 J. 0 0 078 536 0245 0 107

The Fermi level and energy gap values in this table, are derived from
reflectivity data for a series of single crystal members of the bismuth
telluride-bismuth selenide system. Measurements are made at 0.1 to 12 eV
and 300 0 K. Incident light is both normal and parallel to the (0001)
cleavage plane.

a is the thermoelectric emf

Sis the reduced Fermi level and is deternained
from thermoelectric data

Eg is the energy gap detelrnin'nd at the wavelength
corresponding to an interband contribution of
K nt 7 600 cm- 1

A; Is the incident wavelength in microns

The energy gap values are also corrected for degeneracy.

[Ref. 22468)
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BISMUTH TELLURIDE-SISMUTH SELENIDE (Bi 2 Te 3 -xSeX)

ENLRGY LEVELS

Electrical cvnductivity as a function of dopant a"sk -- I'

concentration in polycrystalline Bi Te 0S00 9 " - -o

The dopant is added as either silver, iodineor -'-,' "
the silver iodide; the increase in corductivity ou_ ".r
is cumulative. In the cane of the leas, lealu o-
iodide or iodine additions, the iodine p-oduces .oo• o

n-type material, whereas the lead yields p-tvp', ,'Q- '
resulting in a compensating action for the lead ,90 0 -- o

i o d i d e . _ 1 1oo _ 1 o__ _o,_ _o
a 401006 0106 0D' 0030 0025

il%;NkSR Of POPE A•DSONI ' CAt"r0i IN 1WL[CUL9

(Ref. 316)

a1

ii

Electrical conductivity as a function of
9" - dopant concentrat.ion in p~olycrystalline

: Bgi 2 Te 2.1 So-. g"

5?Ref. 316J

MW s"I" "UA wo 6giggm ftmO
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BISMUTH TELLURIDL

HALL COIFFICIENT (R

Hall coefficient as a function of reciprocal
C

temperature in sinRle crystal, n-tyoe bismuth u
telluride. The current and Hall voltape were .•
p.,ral.el to the cleavage plane, and the
.Mybfletic field was perpendicular to the N T!v

cleavage plane.

D-13 3xl01  U
17 -

D-5 9x10 -

l/Temperature (103 )K-l

'hCf. O., l

ocJ~

0 -C

u P- T•pe" -Fall coeffici"ent as a function of reciprocal

temperature in sir.gle crystal, p-type bismuth
1 tellurlde. The current and Hall voltage were

4 - parallel To the cleavage plane and the magnetic

-4 field was perpendicular to the cleavage plane.

44 Sample n, cm
,, D-4 3x10 1 8

4D-7 L4X101
Dx I/Temperature (103 °K -) Zone refined sample 2xOI 19

(Ref. 8011
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BISMUTH TELLURIDE

HALL COLrFICJLNIT

ftL $0 3XJ 15 10 17°i ' T ' 1
Hall ciefficient as a function of reciprocal

*tai~peratur'e for slingle crystal, n-type r~2 e3
To-doped. - '

2 .4xlO1W

11
6 2~~~.0'x10''4 '.

19

* 1.2x(10199
6.8-410

o no dato given 34 3
ipI%.p~dt~. (1L 'K

oK [Ref. 148541

333 200,,

4-0Id

Hall coefficient in stoichiometric and 0.2%

excess samples as a function of reciprocal
temperature for p-type, single crystals, cut

16 • .. parallel to (0001) cleavage plane. Measure-

ments were made at 4 k".. n c 1.4x101 9/cc.

0o2 % oc" a. (Ref. 1407]
0.2a % emm To

4) I6, I - - 5
3 5 7

l/Tamparatare (103 QK-1)

59
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BISMUTH TELLURIDE

HALL COLI'tICILNT

0.9

7

0.8 /

-30
.mpen, or. at 2900K U .

In 4

* h norwnal 8. 2 10

v 5 prallo.L 8, ?xlO-- " 0.4 4 •

0,

000 30 O 0

Temperat ure (oK)

The Hall coefficient as a fun~cti[on of temper'ature for zone purified, p-type, sin4lE

crystal Bi2To3 . A) indicates the 02 3 1 tensor componeat: D) indicates the p1 2 3

tensor component, except 4 which is the tr'ansverse compon;ent. All samples cut
parallel to the (0001) cleavage plane.

(Ref. 2984)]
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BISMUTH TLLLURIDE

HALI, COEFrICIENT

Hall coefficient as a function of
field for single crystal, p-type tO
bi2 Te at 160 kG and 2 temperatures. 4•78, ,

23
Field is parallel or normal to (0001) W '¼ . *•+C

cleavage plane. 0

Magnetic field (Oe)R[Re[. 119031

CA$& I

e ,°

i0 Hall coefficient as a function of angle

a.- between field and current at 77 0 K, in
V.. single cryztal, n-type Bi Te with high

S0 iodine dopinK, c'it parallel to (0001)
S-4 cleavage plane.

+ data for field normal to (0001)

o data for field parallel to (0001).F- -18
[Ref. 19045f]

U Angle
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BISMUTH ThLLUR1DL

HALL coErrcIcLNr

"1.00

so

S 0

.100I _ _ _ -

Carrier concentration (cm"3

Hall coefficient as a function of carrier concentration at 3000K
for macrocrystal'.:ne Di Te3 Lead-doped samples show steady de-
crease, whereas Go-doped material has a maximum at 2x](l /cc.

(Ref. 15813]
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BISMUTH SLLLNIDE

HALL COEFFICIENT

OK

usI no to

1S -
C,

S4!
rT T °0 t

1/Temperature (103 OK -)

Hall coefficient as a function of reciprocal temperature for Bi 2 Se 3

n-type, single crystal, parallel to cleavage plane, (0001).

(Ref. 7839)
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BISPJTH SELENIDE

HALL COEFFICINT o0e

moo too 1e 125 000

hall coefficient as a function of °U

reciprocal tEmperature for single
crystal BiSe. 0-'

-3

1 2xl0 2  4 -
20 u-.2 2.5x1020  -2

3 2.2xlO
t

ro

16" 3 4, a 9 0

I/Temperature (10 3 CK-)

[Ref. 3097)
QK

..-- •, , , r I'" ,

Shall coefficient as a function of
reciprocal temperature in single crystal,
n-type Bi Se3.

-3
SSample ni, cm

+0 6X10 1 7

3 -l 7xlO1 7

I/Tempearature (103 OK -)

[Ref. 3097)
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BISMUTH TELLURIDE-BISMUTH SELENIDE (Bi 2 Te 3 -xSe )

HALL COEFFICIENT

086~

0IM- \

4-1

14.I

04,L

0- -1 -

0.2

0.1-

SliTuI1 20 40 50 80 90 a, 85%

Atomic % Bi Se3

Hall coefficient as a function of composition at 300°K, in single
crystal Bi2Te3-Bi2Se mixed crystals. A) is undoped, B) is silver

B2Te3- 2Se3iodide doped.

[Ref. 3867)
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BISMUTH TELLURIDE OK
25(2 IS. 125 .O0 55 -

IRRADIAl iON PROPERTIES 6 1-r 1 Q 0 8-3-- 6'63

- - i ! -h-
-4

Hall coefficient and electrical resistivity i 200 h,

before and after 300,-hr Co 60 -gar•na radiation 0.'-

In n-type samples the mobility reaches ,o_ -

2' 41
8500 cm'/V sec at 771K after prolonged W ~4
irradiation; in p-type, the mobility rnaches 0. J- -

7500. U2. 6

6, o before irradiation and up to 200 hours u 0.4 - -U'---44

irradiation -4 1

too-"
A, . after 300 hours irradiation. I_____,___ '_____ "

02 2~I W i

2 4 6 8 10 12 14

!/Temperature (103 QK'l)

5 (Ref. 16462]

Electrical zesistivity as
a function of temperature

in n-type polycrystalline
Bi 2 Te 3 , irradiated by both
thermal and fast neutrons

"b. to an integratV thermal
,e flux of l.5x10 neutrons/cm

- ; and 1.6xlol 9 /cm2 flux of fast
(> I meV) neutrons.

at Bi Te irradiated without

2 3
cadmium shield

A sample after annealingS I

o unirradiated sample

Temperature ( 0 C)

[Ref. 2737]
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UTE|C !

fPRIPARErD BY ELECTRONIC PROPERTIES INFORMATION CFNTKR " HUOHIS AIRCRAFT COMPANN'. CULVER CITY. CALIFORNIA

BISMUTH TELLURIDE

IRRADIATION PROPERTIES

ISI

- 5 331-. - . , , •.

1 J

C53.

b 40

S-0 -

Q) I0 - I * * *'I ,, I

00

Temperature (°00

Electrical resistivity as a function of temperature for p-type polycrystalline
bismuth telluride, irradiated at about 330K by both thermal and fast (> I meV)
neutrons. Total flux 1.SxlO20 thermal neutrons/cm? and 1.6xlO19 fast (0 1 meV)

reutrons/CM2.

e, unirradiat~d
A c, run 1, cadmium shielded

a run 2, cadmium shielded

e p-type, uptrradtated
B o p-type, irradiated without cadmium shield

+,A p-type, irradiated after anneali-ng

6f 27

.36I
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PRIPARED By ELICTRONIC PnOPERIIE INFORMATION CENTLR * HUGHES AIRCRAFT COMPANY CULVER CITY CALIFORNIA

BISMUTH TELLURIDE

IRRADIATION PROPERTIES

P DE-'°PV'AT10% 12o 100 - tPAD " tr-ý%

"Q "h 2 ON .. -Q h, I2IADIATION

(3.! . ,iY' ON (4 300 h, I4A[ IC%

bo

0

0 20 '40 69 eo 'co 'l ¶O •40 60 '6

Anide ([deg )

Nagnetoresistance as a function of angle between current and magnetic
field for single crystal, n-, and p-type Bi 2 Te. Irradiation was with
Co6 0 -ganiva rays. Initial carrier concentration was 018~ to 1019 /cm3

rRef. ] 6L41.?

>0
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F RKPARKD PM, 1LFCTROtC PROrIRUItS INHtNhtA7,ON CKNTER - HUGHILS AIRCRAFT COMPANY. CULVKR CI17 CALIFORNIA

BISMUTH TELLURIDE

A
took

+400

L)

> 60

Com'arison of Seebeck coefficients as a function of tel.perature in p-, and
n-type, polycrystailine bismuth tellur'ide samples unirradiated and irradiated
without the cadmium shield, but subsequently annealed .by slow step-wise
heating to " 400°C.

cii

(A) * p-type unirradiated eaw,,,v,o + p-type irradiated unshielded sample after annealing

() n-type sample uz.irradiated
4 n-ty1 e irradiated ~anwhielded sample after annealing

[Ref. 2737j
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PRtPA RRII 9Y ILICTRONtC PROPEPRTI1i INFORMATIOIN CLNIIfR HUOHHLS AIRCRAFT COMPANY. CULVr4 '-T" 1P/LIFORNiA

BICMUTI: TELLURIDE and BISMUTH SELENIDE

MAGNETIC SUSCEPTIBILITY (X)

SValue (cm3 /g) Material Sample Temperature Ref.

x -. 402xI0-6 Bi 2 Te 3  polycrystallinc, p-type 130-50 0 0K 5184

-0.4X10x 0 6  ,, 5184

P.4,

III

+1 1'
-.,4t: -nail , ,a

I RM amo3o 400 500 G600

Temperature (OK)

Magnetic susceptibility as a function of temperature
for polycrystallne, n-type Bi 2 Se 3 and p-type Bi 2 Te 3 .'

[Ref. 5184)
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IILERC AND VC-rHO-OC rri tili~n rl

RIJ[PARIO IBY RLRCTONIC PRoparTI96 INpORMATION CINTIR H IHUOHKI AIRCRAFT COMPANY. CULVIR r.1IY. CALIFORNIA

BISMUTH TELLURIDE )
MAGNETOELECTRIC PROPERTIES (to/p

2 120'

1- 91 P3311

o!

-1000 11 1 o0 P33 33
Q z; IK nv

4.1
4.600

S400 %

2e00 "6. So

0 100 200 300 .oO-

Tempermture (OK)

The five strong magnetoresistance coefficients are shown as a function of temperd-
ture for single cryotal, p-type Bi 2 Te 3 , parallel to (0001) cleavage plane.

n = 8x108 /cc

[Ref. 298*4J
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P49-PARKD MY SLECTRONIC FPIOPKIITIIS INFORMATION CENTIR • NUOM9E AIRCRAFT COMPANY. CULVER CITY CALIFORNIA

BISMUTH TELLURIDE 2'0: - - -

MACJ.TOELECTRIC PROPERTIES I o

Magnetoelectric resistance coefficients as a .4 14'- - --

function of magr.etic field at 770K for single - -

cryital, n-type Bi7To3 in (0001) cleavage plane. I. .

Do-Z L . 4+4.¶i._;..:L_ . '

_ _ _Maenett; field, H 2 (06)

I [Ref. 2360J
4.,

"W.

Magnetoelectric resistance as a function of
angle at 77 0 K for single crystal, n-type.

-~ -il,*I --.3• -li

J(A) & field normal to (0001)fIQ 6 4 i (B) o field is parallel to (0001)

Angle with magnetic field (0) (Ref. 190L5)

Magnetoelectric resistance as a function of
field at 77*K for single crystal, n-, and 4J

p-type Bi 2To3V cut parallel to (0001) cleavage '1

plane. Slightly iodine-doped samples deviate ?
from linearity. U

1.p-type, undoped I

* -4*fn-type, iodine-doped L__

lincreasing I content Magnetic field, H (kOe)
[Ref. 3215]
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BISMUTH TELLURIDE

MAGNUTOLLECTRIC PROPERTIES

I T

3.0j 1.60

1.50-
II A .

4.1.40-

" 0.0)

G I.O •1.30-4J 3.0 _ __.. ...'I+

00

"bp, , 1.2

#Angle between H ondJA 0 30 60 9 z0 15,0 WS S
S6 (Angle betweenHondJ)

Magnetoresivtance as a function of angle between current and field at 770 K. The
two mamples 'A and B) of Bi 2To3 are single crystal, n-type, cut on (0001) cleavage

plans, n 3x10 1 8 /cc. 2-3

For 1ampio A, field is 6000 G; for sample B, it is 975 G.

I Field is parallel (0001)

I• Field is normal (0001)

[Ref. 17748)
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PI FOVI S2%M C O NM 4 I A

PAXPARED IY ZLLCTRONIC PI40PIT.9I INFrOfMATION CUNT1911 HU* JOMII AIRCRAFT COMPANY ,ULVER CITY CAL,FORN.A

BISMUTH TELLURIDE

MAGMwrOLLLCTRIC PROPFJT ILS

n-type

to-P-type1

•+ki•Y - .. Y , /"
++[ / •a NJ. i/.

Nernst coefficient al a function of temperature for single crystal, n-. and
p-type Bfi2To 3 for fields imrallel and nor:mal to cleavage plane, (0001).

A x, Qi is the isctheimal coefficient

So, Qa is the quasl-adiabl>tic coefficient

-- (rAef. 33601

I £. Ettingshausen coefficient as a function of
* -- 3- 6 6 temperature in single crystal, n- or p-type

Bi 2 T. 3 .To Mnetic field is noral to (0001)

• ,, ,... cleavage plane.

R 5 IsP-typ e,
R9 im n-type

(Ref. 33603
7u~
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Al N1 FORCE SYSTIEMIS COMMAND mj - U[Un

PREPAIS O T Y ELECTRONIC PROPERTIES INfORMATION CENTER * lUGHES AIRCRAFT COMPANY. CULVER CITY. CALIFORNIA

BISMUTH SELENIDE

MAGNETOELECTRIC PROPERTIES

Units

Sample A B

Temp. 4.2 90
(*K)

el "•+ 3.5 2.10 xl0I (ohm-')(cm)-I i
+ 0.59 0.45 c in (ohm-cm)"1

0.40# 0.26 xl01 (ohm)-'(cm)(coul)-I R (cm/ohm coul)
*a. 2.50 1.28 H

wal.l 0.7 0.12 x108 (obm)-a(cm)l(coul)-t 2 3 3 3 2
'IlXu - .R a (CM /ohm C1.7
v'isU -24.4 10 H
.1`111 -- 0.1 0.20
-allI - 0.8, 0.47
1 - 1.4, 0.6

fr t. - 0.53 0.12
fai + 1.6 1.7

fin/fm + 54 4.7 5,

ran/f-ai. + 5.2 4.9 5.36 4 ,4 V

WtlE/•oti + 0.029 0.01 0.045
r.a/sifnu + 0."0 0.17 0.2042

frmn/,f1 + 0.0,1 '. 0.046
cnifttw + 0.003 0O.F 0.0344
faar/kIIia + 0. 05 .06_ 0.0590 '1

+ ...I.. .i "i. I
a .. . - 0.061 0.17 0 Experimental arrangements. H the mas-

netic field, I the electric current, A the three-
fold axis, 4 the two-fold axis, M the axis.
along the mirror plane and G the rotatory angle
of magnetic field.

Experimental and calculated magnetoelectric coefficients of single crstal,
n-type Bi 2 Se 3 at 4.2 0 K. Sample B data from (3350]. Calculated data is derived

from an ellipsoidal six valley model for conduction band minima.
[Ref. 12046)
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PRE[PAREID SY ELEICTRONIC PROPERTIE[S INFORMATION CENTIER * HUGHESI AIRCRAFT COMPANY. CUL.VER CITY. CALIFORNIA

DISHUTrH T]ELLUR IODE

AMOBILITY (i)

RESEARC Vau T ertue VRefe
S(•2Vsec) Temp. coeff. Sample (single crystal) Teme__ ue__ e_

gin 4600 n-type, I-doped, n * 2.07x10 1 9 /cc 770 K 4487

p77K = 6.57x10-5 ohm-cm

•n 200-1000 T "3 p-type, n = l.4xO109/cc 300-140OK 407

Un1250 - 68 n-type 286OK 2360
Un1.67xd07 T-1.68150_300OK,

•p330 300oK 2360:

in800 p-type, n = 109/cc, 3000 K 2866
p = 1.6x10-3 ohm-cm

4p 00 " " 2866

540 n-type, excess Te g I' 300°K 2624

Un nn = 5x101 8 /cc

14D 00 p-type, excess Bi £ Pb 300°K 2624

AIR -OCI SVXJM111 OMMP4

-3 CO cK [

"46310 0xl 7  n-type 3000 K 801

4n 250 71.0 0

ii 330

p 30 3n1 01 z

IDIR
rip = SX0 /c

176

U
*1

l4
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PREPAREQ 8Y KLECTRONIC PROPERTIES INFORMATION CKNT&R * HUGHES AIRCRAFT COMPANY. CULVER CITY. CALIFORNIA

BISMUTH TELLURIDE

NOBILITY

2 Value
Symbol (cm /V sec) Temp. coeff. Sample Temperature Ref.

400 single or polycrystalline, 3000 K 631
n-type, parallel (0001)

10 normal (0001) 3000 K

T 3  parallel (0001) 273-560 0 K 631

Un 350 macrocrystalline, p-type 300 0 K 3867
(undoped)

liUp 265

U P 350 AgI-doped, n 2-18x10 /cc

14 le 9-18* Sn-doped, n =3-33xl019/cc 3867

SHole mobility decreases with increase in Sn-doping

vp 280 Fingle crystal, p-type, 300 0 K 10535
0 = .055 ohm-cm

-- 1.3 to-1.6 .._I
-UP n = 5xu-J"/cc 4-2500 K 10535

Up 515 single crystal, p-type 290 0 K 3207

U T 1 9 8  of 77-2900 K 3207

l.?xlO9 T- 2 "3 single crystal, p-type 140-300 0 K 407

n = 1.Ax101 9 /cc

single or polycrystalline 150-3000 K 2595

(0001);An T"1 .9
4  n-type

p P1k, T"14 p-type 2595

77
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M O B I L I T Y2 
a .1 e

Sybl c Vsc Temp. coeff. Sarnole lemmture. Rf

Tpolycrystalline, CuBr dopini 80-600*K 1L4525
yields n-type, n = 2-2Ox10' /cc

u ,-21 Pb-doped yields p-type, 14525
pn =2-10x1019/ccf 4

u l.8xl0 5 (max) single cr sta1, Te-doped, 4.20K 148.5"
n = 9x1071 /cc

T- 2 .8  n =2.4x10 17  4.2-2500K

T 2  5.3x10 7

T-223.0101 is

T-243.'4x1' is

1.31 019

Unis electron mobility

1i is hale mobility
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PREPARED BY ELECTRONIC PROF-IRTI1I INFORMATION CENTER * HUGHES AIRCRAFT COMPANY. CULVER CITY. CALIFORNIA

BISNMUTH SELENIDE

NOBILITY

2 Value

Symbol cm2 /V sac Temap. coeff. Samole Temperature Ref.

in 700 macrocrgstalline, n-type, 300 0 K 2538
n % 101 /cc

"" 600 single crystal, n-type, 3000 K 2866
p =5xlO- ohm-cm, n = 2xl01 9 /cc

W! 300-500 single crystal, n-type, parallel 3000 K 630
(0001), n T 2-4xi01 9/cc, P = .001 ohm-cm

1 g 10-20 normal (0001). n = 2-4x1019 /cc 3000 K 630
0 = .02 ohm-cm

T-'5 parallel (0001) 130-3000 K 630

T-1.5 ,300-500 0 K

T-3 "> 500 0 K 630

442 macrocrystalline, n-type, 3000K 3867
AgI-doped

BISMUTH TELLURIDE-BISMUTH SELENIDE

75% Bi Te.-25% Bi Se 3 AgI-doped 300 0 K 21023
1A 22. film agnenled, n 1 1.5xlol 9 /cc

p %10-4 ohm-cm

0.5 film not annealed, n a 2.9x10 20

a %' .01 to .3 ohm-cm

0 150 bulk, n a 10 19/cc, P a .005 ohm-cm 300 0 K 21023

79
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PRKPARKD By ELERCTRONIC; PROPEFITiRG iNroRmATION CENTER - HUGHIES A114CRAFT COMPANY. CVLVER CITY. CALIFORNIA

BISMUTH TELLURIDE

MOBILITY

Electron Hall mobility as a function of
temperature in tellurium-doped, single

designated by solid symbols are more *
homogeneous.

2/L4Xl0O
5 53X10 17

A. 3.0xl0 18
0 3 .4xl0

1 l2xi0
* 6.Bxl0 '9

Temperature (OK)

[Ref. 14854J

.4

Eectron mobility as a function of temperature
3-3 ~in sin~le crystal, n-tyve Bi 2Te 3 ' cut parallel

3ý2 Eto' (0001) cleavage plane. n 77K 2 '4.8x1018 /cc.

34 l.6 7x07 T 1 .6 (from 150-3000K)

P4 -'log Temperature (OK)(e.230
Temperature (OK)

I 
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VAl," FORCE SYSTEMS COMMAND

PREPARED BY ELECTRONIC PROPERTIES INFORMATION CtNTXR • HUGHES AIR.'RAFT COMPANY. CU/_RYL CAV....... A

BISMUTH TELLURIDE

MOBILITY too -

100 -
Hall mobility an a function of temperature In
n-type, single crystal bismuth telluride. The
Hall coefficient was measured with the current
parallel to cleavage planeo nd magnetc field 40

perpendicular to cleavage plane. The resistivity +- .T.SO

was measured parallel to the cleavage plane. . 6 "

30
o

"-4 10 .

4:f\ )- "+' I ,S.+... . .,
90- 74.0 W.Oc0 0-- 41 3.O**I ,+ v v+).. 0

:V rot , Temperature (OK)
40 -- Tw • "of. 801]

10o Hall mobility as a function of temperature for
-4 p-type, single crystal bismuth telluride. The

Hall coefficient was measured with the current
parallel to the cleavage plane and the magnetic
field perpendicular to the cleavage plane. The

v tlo Zrealstivity was measured parallel to the cleavage
plane (0001). D-7 was very inhomogeneous.O (Ref. 801]

Temqerature (eX)

L 81
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BISMUTH SELENIDE

MOBILITY

a b

33 
P' t P

\T 1.78 \T -2

7.

10 li og T 20 23 log T
'OC?%1 oilKg~

Temperature (OK)

Mobility as a function of log temperature in polycrystalline Bi 2TeV~ n-Type
is CuB7r-dop~d, p-type is Pb-doped.

experimental
-----------------------calculated to include impuritV scattering

n-!m n, m -3p-tyoe, n. cm-3

1) 2.5xl01  6) ?2l
2) 5.2X10 1 9  7 .xO1
3) 7.8x10 19  8) 44x1019

4)12 3'x O1 91  9O)lO.OxlO 1

(Ref. 14525)
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BISMUTH TELLURIDE

MOBILITY -

.- typ I *9l9)'

C-
"Pe ~~009 4p

soo SWo

ift no9 "I do IRS lot lei

0 log Carrier concentration

Mobility as a function of carrier concentration at 300 0 K for polycrystalline Bi 2Te 3 ,

n > 10 1 9 /cc. Calculated curve includes impurity scattering; measured values of
mobility are points on curve.

(Ref. 14525]

9W00 PC.
00" VALUE

W00

C4 5W Hole mobility of pressed Bi Te3
Spowders as a function of particle

-400 size at 77 0 K.

hi XS.C. is single crystal value

RINI P.C. is polycrystalline value.

.4 100 ( [Ref. 8758)

a 400O OOO 12WO lI00 2

Par(ticle msi (microns)
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BISNUTH TELURVE" and BISNUTH SFLLNIDiL

NOBILITY

Carrier concentration (cm")

eXI0 1  2n10, 5xiQ

Carrier concentration (cm- 3 )

C%,.

log Carrier concentration (cm;)
Bismuth Telluride Bismuth Selenide

Mobility as a function of carrier concentration In polycrvstalline,
hot-pressed bismuth telluride and bismuth selenide, both n-type, at300 0 K.

[Ref. 14675]
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BISMIUTH SELUIIJjE

"IOBILIT-' 3.00

Electron mobility as a function of
temperature in single crystal, n-tyipe
Bi 2Se 3 , measured parallel (0001)

cleavage plane. Individual sample 2.0
specificationt are not given, only
a range of al. samples at 3300K.

Sa 2-4xlO1 9/cc. " Ii"i boo'--00

a) Electrical conductivity at 300 0 K
ranges from 2000-3000 (ohm-cm)l.".

0 This sample ha! conductivity of b
Q lOco (ohm-cm) .

b) Electrical conductivity at 300 0 K is
S2000 ohm-cm.

--- 0• T-. 2.0

31 5"8 300 5w 30
Tbmperature (0 K)

[Ref. 630]mI0

0 Electron mobility as afunction of
carrier concentration in single crystal,

•4 6n-type Bi So at 300 0 K.
2 3

C Carrier concentration (cI") [Ret. 6301
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BISMUTH SELENIDE

MOBILITY

w 25(1 100 5 23 ,,

e103

on 0 F
"4

.42

-4

P 4 6 8o 1 200 40o000 GOo

l/Temperature (103 OK'l)

Hall mobility as a function of reciprocal temperature for single crystal,
n-type Bi2So3,

Snple No. p (ohm-cm) n., cm _-3

* 5 5.66xl0- 3  2.144XO Is

* 6-13 normal 5.98 2.5
o 6-13 parallel 25.5 3,3
* 6-14 13.55 0.598

.6-14-1 14.2 .0.74

1 rRef. 3097]
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BISMUTH TELLURIDE-BISMUTH SELENIDE

MOBILITY

Mobility as a function of temperature
for hot-pressed polycrystalline, n-type
Bi 2Te (a0%)-B2 Se 3(20%). The solid

solution is highly homogeneous. Samples 0 23
are copper and lead doped.

-3 E

1) 4t.6xlO19 NJ

2) 5.010919" I

3) 8.0xlO 02

4) 3.6x102 0  o
5) 5.5x10 XO

0

too 158 25;

Temperatuxre ([K)

[Ref. iu675]

v u Mobility as a function of carrier

j concentration for hot-pressed poly-
crystalline, n-type, 8'A Di 2"Te3 +

*"20% Bi Se with :u and Pb doping.
2 3'

S0 19_I

Carrier concentration (1019 1) /x1.XlR e
3) I7.IXO (Ref. 146751
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AIR FORCE GY8TEM9 COMMAND IC

WWRIPAREO MY ELECITONIC PROPERTIES INFORMATION CENTER HUGIHES AIRCRAFT COMPANY. CULVtR CITY. CALIFORNIA

BISMUTH TLLLURII)E-BISMUTH SELENIDE

NOB :LITY

4w1

S\ ' >
• ,-,-3 ..,

Composition

Mobility as a function of composition in
polycrystalline Bi 2 Te 3 -BiSe3 , silver iodide-doped.

^ax"rir conentratlion for the B2 Te3 = /

increases to 4, then 5x10 1 9 for the 5 compounds, andreturns to 4.7xl01 9 for the Bi 2 Se 3 .

[Ref. 3867)
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MESCARCM AND TECH4NOLOGY DIVISION

!-X jQT..UC RY PR•R rTIES INFORMATION CKNT1R • HUGHOES AIRCRAFT COMPANY CU, VER CITY CALIFORNIA

BISMUTH TELLURLDE

rIOT0=LECTRONIC PROPERTIES

Wavelength (microns)

AiI. ?J 3D

4-1

.4j

to

. i.0 310 4D

Wavelength (microns)

Photoconductivity as a function of wavelength in Bi2Te3, p-type filmsT
p = 1 ohm-cm

A) shows data taken at two temperatures

B) shows data taken before and after oxidation

Oxygen impu:ity centers introduce a photoconductive abaorption band
at about 0.4A4 V,(2.8u).

[Ref. 21299]
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MI5EARCH AND TKCHNOýOGY DVbSON - ~-
AIR FORCE SYSTEMS COMMAND Na

PREPARED BY ELFCTRONIC PROPERTIES INFORMATION CENTER - HUGHES AIRCRAFT COMPANY CULVER CITY CALIFORNIA

BISMUTH TELLURIDE and BISMUTH SELENIDE

PIEZOELECTRIC PROPERTIES (w)

SValue (cm2,'4vne) Bi2Te3 Sample (sinple crystal) Temperature Ref.

1 1  87xl0-12 p-tyre, n = 5x019 /cc 300 0 K 16429

P = 10 1 3 /cc

S3 + !31 -40xlO .12  16428

iT3 3  11x10 1 2  
n-tVpe 300 0 K 586?

+ 115

+ 90 1 1

'1i -2 to -5xi0-1 2  n-type, o 3300 (ohm-cm)- 78-3000 K 581 4

"nl is measured parallel to (0001)

1f33 and w31 are measured normal to (0001)

See page 38 for additional information on piezocoefficient of resistivity.
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RX"jAIC" TO T6C"NOLO*Y DIVISION F~j9 0R C Q
AIR FORCE SYUKN40 COMMAND

P1l NPARED BY ELECTRONIC PROPERTIES INFORMATION CENTER * HUGHES AIRCRAFT COMPANY. CULVER CITY. CALI-ORNIA

BISMUTH TELLURIDE and BISMUTH SELEMIDE

PIEZOELECTRIC PROPERTIES

0-200.

Temperature dependence of the c ' p-tyie

piezoelectric constant 13 in aingle V #

crystal, p-, and n-type 2o3 Data
is taken normal to (0001). 0 0 t -

A -50[1-4 .• n "• 2'100

1/Temperature (103 K-l)

[Ref. 58421

S OK

Temperature dependence of the piezoresistance
' - coefficient of single crystal, n-type

Si 2 Te 3 . The lritial conductivity is givenSin (ohm-cm)- 1 . All measurements are
S"80 parallel to (0001).

3 •1) 340 (ohm-cu)"1

C7. 2) 720. 3) 3500 -

_�_____ '4) is n-type, single crystal B12 So3

Soa • 3300 (ohm-cm)" 1

O • I/Temperature (103 (Ref. 5842J
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PREPARSD IUT *LEC•TR(NIC: IROPSPRTIEU INFORMATION C|NTSrN * HuIEUll AIRCRAF1 COMPANY, CULVERN CIT-Y CALIFORNIA

DISAMJTH TELLURIDE

PIEZOELECTRIC PROPERTIES

200 V0
40

Ad X

I1Temperatur-e (10 3 OK-1)

function of reciprocal temperatur'e for three, single crystal,
p-type Bi 2 To3 Samples.

1) a=170(ohm-era)-I

2) " 4•80 "
3) " 990 "

w x do/0 x I p a resis1tivity :in (0001). X a mechanical stress

[Ref. 3004]
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SESARCH AND TECHNOLO,?Y 0".ISIO0N Ml IF 00 MI TDCDU
AIR FORCE SYSIEM$ 0 0 4OMMANA 0

PPREPARID ON KLIPrCTRONI! PROPERTIES INORMA'TION C9N-Itr HUONIE AINCRAFT C.OMPANY LIJLVIR Cl'ly CALIFORNIA

BISMUTH TELLURIDE

REFLECTION COEFrFICIENT

Photon onerpy (PV)
t-.115 .0087 , p.

.4

W~aveIength H
Reflectivity as a function of wavelenqth for variously
doped 3ingle crystal, n-type Bi 2 Te 3 , at 78 0 K and parallel
(0001) plane.

n at 293 0 K

1) 9.5X10 1 8 /cc
2) 2.8x.0I

1 9

3) 6.8xl019
5) l -4xl 0 20

Increase in carrier concentration displaces reflectivity
minima towards shorter wavelength. (Ref. 1 8221 1

[Rf,82d

It; .,. • ... . . .
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AMOO UYAiSNI COMMAN 1IftSEARCH, AN0 TECHNOLOGY OIV;0 'ON mm.

P RIPAftID IU I I ~lC?0N lr' P R, pIr PI t INFORMATION CENTER * IHUGHES AIRCRAFT COMPANY. CULVER CITY. CALIFORNIA

SISTNTE'L'LU~rID]E: Photon energy (eV)

REFLECTION CO~rFIC!ENT 
414

ROflectivity at a functioa of wavelength for n-, and -

p-type ,ingl* crystal B2 Te3 at 7 0OK and 300 0 K.

-4

Wavelength (microns) lo 0 I

.A2 -21 .124 #A+ r
SI• t fl.ityp 

-so1

//• Wavelength (microns)VIP
CI,.

0-9

A 0 2 4 4 0 10 OV Reflectivity an a functi~on ok ,;+hotnn energy for
single crystal, p-" e Be2 T i3

8 r - adi~ation normal to (000.1) cleavage plane -

* I• - . \. - jiR f 2 1 5

S --- radiation parallel to (0001) cleavage plane

m. A) % a .113 to 12. 4 u, 300'K

"j o) '. a .827 to 6.89p, 770 K

O 4 e

Photon ener ', lWY) [Ref. 22468)
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OKEISEARCH AND TECHOftLOGY [)IVISION F CoIAF\!ý k la9
AIft FORCE sYSTEMSm COMMA No

IPREPARrD my ELECTRONIC PROPRI1TI9* INFORMATION ClENTIR I[AlpqClVAFT rO#AI'A CULVIR ClTY AL.IFOINIA

BISMUTH TELLURIDE-BISPITH SEIXNIDE (Bi 2 Te 3o Seo) Wavelength (microns)

REFLECT ION COEFFICIENT 'i

1%%. IwoUJEA.,

Reflection coefficient as a function of
photon energy for polycryatalline Bi To Se fit

at 300*K. Radiation normal to (00013 1 1.4
cleavage plane, (E£Lc)

(oee table on next page for peak energies) 7'>

4 mw

Wayclenqth (mmicr n- ...... .. r. v .." V I

6.:! ,,6 LO [Ref. 21468J

60I ~E~SO,~ 74

72

TO

Reflection coefficient as a function of photon
4 •energy for single crystal, p-type Bi Te and

a polycrystalline, p-type Bi Te -Se0 at 3000 K.
2 2.85 0.15

100 tRadiation normal to (0001) cleavage plane (E c)

4 N

61
0 0- 04 06 e 6to R1 K

Photon energy WoY) [Ref. 22468]
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AIR POPICK SVLTEULA I CeM!________

PREPARED RY SLICTRONIC PROPEKI•EI INPORMATION CINTER HU0140 ALIRCRAPFT CONPANY CULVER CITY CALIP4ONIA

BISMUTH TELLURIDE-BISNUTH SELENIPE (Bi 2Te 3 -xSox) xWavelenpth (microns)

RELECTION COErricCicn .62 .,..

E,

Reflection coefficient as a function of
photon energy for single crystal, n-type 50.

Di So at 3000 K. Radiation is normal to

(0001) cleavage plane, (E.c)"a4u
S40

0 01

Photon energy (eV)

ano

uWI% BSOS" ini
BuasTwtF D Es E4 Ei

0 1"78 3-23 4-20 6.29 7-34 4'72 9.80
$ 1.37 3-10 4-30 6-39 7-47 8-19 98

10 1-95 4-33 6-30 7-63 837
20 2.14 3-80 4-41 6-60 7.67 9-1C
30 233 3-94 4.60 6-97 8506 9-23 10"0
40 * 28 3-79 3.90 4-57 7.10 8-20 9-49 10-14
so 3.22 3-75 3.9 4,60 7"05 8316 9-45
0 2-34 3-73 4-02 4-70 7-20 8.30 9-45 10-24

70 2-33 3-73 4-27 4-74. 7.20 8.18 9-45
s0 2.29 3.73 418 4-.3 7-14 8-25 937
90 2-34 3-73 4-19 4-85 7.11 8-26 W45
log 2.34 3-7? 4+24 4-17 7.20 9-4S 10-16

Bi2Te3 ax Bi2 S3 are singlo crystals. The alloys are polycrystallins. Peaku for

2 alloys are shown graphically on this page and the preceding one.
[Ref. 22'vb8j
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SIEARCH AP40 TECH14OLOGY C-VISIOP4f

PREPARED 8Y *L9CYftONIC pMPOIRTIKS .iFgORNMATION CkNT1R * HQ1ES AIRCNAWT COMPANY CULVER CITY CALIPORNIA

IISi)TH TLLUJRIDE

RErRACTIVE INDCX (n)

pybl Value SaMle Waventh Temperature Ref.

n 9.2 single crystal, n-type 8-14u 300 0 K 312U
(0001)

kefractive index as a function of wavelength fcr single cry•,tal, n-type B12Te3
Jodino-compennated intrinsic. Data taken on a (0001) c)eavaga plane at
18.0K.

(Ref. 3124)

Wavelength (microns)

.62 .21 .12

-~ I

Refractive index, n. and extinction

coefficient, k, as a function of photon

4 ~energy in single crystal, p-type B 2 Te 3.
4 Radiation normal to cleavage plane,

(0001), E.Jc. •

.~Io
AA

Phot*R energy W) No refractive index data available fer.BtiSo

(O2 38
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-WR WKoE Uo o110 UO A Ys d1
PRNPA0D :9" ELECTRONIC PNOPrNTIfr INFORMATION CENTER. HUOGES AIRCRAFT COMPANY. CULVER CITY C.Aý1FOQNIA

BISMUTH TELLURIDE

THERMAL CONDUCTIVITY (K)

Value
Symbol (W/cm leg) a (ohm-cm) Sample (slngle crystal) Temperature Ref.

k .0316 2700 n-type, impurity, parallel (0001) 1500 K 2678
.0187 730 " '1 3000i(

.0278 370 n-type, near Intrinsic, " 1500 K

.0244 200 " 3000K 2678

k .0268 n-, and p-type, single c.rystals 150 0 K 2421L .0157 or aligned polycrystalline 300 0 K 7421

p-type n-type parallel (0001),

k .072 .066 n-type, a a 6.3x10 3 (ohm-cm)"1 77 0 K 3215

ke .01 .011 for .09% iodine-doped -

kI_. .06 .055 p-type, a "' 6x03 (ohm-cm)-1

"for undoped material 3215

k .0034 p-type, p = .13xlO- 2 ohm-cm 517GK 2401

.004 tu a .?l0-2 (hot-pressed) 1328 0 K 2401

k a total thermal conductivity

k z electron thermal conductivity

kL w lattice thermal conductivity
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099RARCH AND T9CNN@O6OQ DIVIGION.u'- -juiuU.J\J3
AIR FORCS 8YGTI1M8 COMMIAND II

PfgrKARED BY ILECTRONIC PROPIRTIS INFORMATION CENTER H NJOGHES AIRCRAFT COMPANY. CULVER CITY CAL IFORNiA

BISMUTH SELFNIDE

THERMAL CONDUCTIVITY

Value
Symbol (W/cm deg) Sample (single crystal) Temperature Ref.

k .0077 p-type, 0 = .58xi0-3 ohm-cm 3240 K 2401
.0O5? .79 4130 K
.0039 .98 521 0 K

.0047 .13x10- 2  4280 K

.0060 .83x10- (hot-pressed) 4450 K 2401

BISMUTH TELLURIDE-BTSNLUTH SELENIDE

(mW/cm OK) % Composition Conductivity
k k kL Bi 2 Te 3  BiSe3  (ohm-cm)-

19.8 3.3 16.5 100 0 729) sing~le 3000K 19825 j

16.1 2.7 13.4 95 5 591 crystal,
3. 1 1.3 1i.8 g:: i0 t - undo3 K 811.9 0.9 11.0 77.78 16.67 206!

12.0 0.8 11.2 80 20

15.6 0.4 15.2 66.67 33.33 84 n- and p-type

14.4 1.4 13.0 50 50 315
13.0 2.3 10.7 40 60 513
14.5 3.8 10.7 33.33 66.67 833 p-type

17.5 5.3 12.2 16.67 77.7t 1182
27.0 8.8 18.2 0 100 19531 19825

100
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PREPAREO BY ELECTRONIC PNOPENTlIE INFORMATION CENTEN * HUGHIl AIRCRAFT COMPANY, CULVER CITY. CALIONRVIA

BISMUTH TELLURIDE

THERMAL CONDUCTIVITY

(Additional graphs will be found in Thermoelectric Proper.ties)

Total thermal conductivity as a function C
o' reciprocal temperature for two Eingle
crystal Bi2To3 samples, tofether with ¶0

representative data of Goldsmid [Ref. 267S]. o,

* single crystal, p-type, n 2xWO 1 9 /cc .o6L A
(zone refined) (0001) 0 ,

n-type, n v 3x101 7 /cc (0001) r V.-.4[03L + -•,
lattice thermal conductivity Lk +

k = electron thermal conductivity [
Sample [Ref. 2678) 0 -t-I-Y-3~-i-t-- 4 is 7

2 n near intrinsic, P z .005 ohJ-cm I/Temperature (10c3 mK-1
'a p parallel (0001), P I .002 ohm-cm

[Ref. 8011

Iva
q .c

on Thermal condicrivity as a function of temperature
Sfor single crystal BitTee.

Simpe• Type P. ohm-cm Orientation

S1) impure n .001 parallel (0001)
2) near n .005

intrinsic
4•) impure p .002

5) " p .002 normAl (0001)
6) " p .002

Temperature (OX) [Ref. 2678)
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PREPARED BY ELRCTPONiý- PROPSKtTI..G INFORMATION CKNTER N UON9ES AIRCRAFT COMPANY. CULVER CITY. CALIFORNIA

B~ISMUTH TELLURIDE

THERMAL CONDUCTIVITY

Lattice COnductivitY of stoichionietric r rSingle crystal, n- or p-type Bi Te
compared with data fromi Goldsmid and
Ure for t.Sllurium-doped samples.
Temperature coefficient of lattice T

conductivity in~ given for temperatures T

over 1000K. 
T

* (Ref. 2421], 150-0K 3
A (ef Sl) 7-3300K 10

r- T

A (Ref. 8Ref.7733661

-~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~i Thra odciiya ucino lcr-1a
- conductivity ~~ ~~int t 3 0 K a p e r

and theon-typepisatured(Oed

Thrml onucivthya ascafteri ing ofea)ti

4J al



RESEARCM AND TECHNOLOOY DIVIIION /4 177j
O A i I R F O R CE S . Y S T E H . C O M M A N D -P E N

PRIPARED IY LECTROANIC PROPERTIES INFORMATION CENTER 1 4UGHAI AIRCRAFT COMPANY. CULVER CITY. CALIFORMNIA

BISMUTH TELLURIDE

THERMAL CONDUCTIVITY

,A '
• i.

1 ft U, •'

--- il , n 6 4 '

A I iA

I -.- AM• 01-utm e ll

Electrical conductivity x 103 (ohm-cm)-1

Thermal conductivity as related to electrical conductivity at 250 0 K (A) and 300 0 K (B).
The single crystal, p-type samples were variously doped, the n-type are doped with
iodine and chlorine only. The decrease in lattice thermal conductivity for the n-type
material is due to additional phonon scattering by the halogen impurity.

" *'. *1 'Ii

- I : o• I '/

-- R R-4" lipt;7lM

S."-

'. S..) '

""r 1 0 m

- , ,,

Electrical conductivity x 103 (ohm-cm)-I

0 Theal conductivity as related to electrical conductivity at 1500 K (C) and 2000 K (D).
[Ref. 2421J
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A.* FOR0E GY41tEMS COMMAND 1 1

PRNPARED0 DY ELECTRONIC P-OPERTIES4 INFOiMATNON CENTER * HUGH9S AIC.A rC-RA. CA T.. CULVER CITY. CALIPORNIA

BISMUTH TELLURIDE-BISMUTH SELEXIDE (BI 2 Te 3 -xSeo)

THERMAL CONDUCTIVITY 40

Thermal conductivity as a function %4

of carrier concentration for single u.:
crystal Bi To3 at 3006K. The b

samples are lead- and germanium-doped, 8 '0
lead yields p-type, germanium gives P ON

n-type.

Carrier concentration (101 cm-3)

(Ref. 161821

3• ,

t*o

Thermal conductivity as a function of
NTcomposition in the Bi 2Tei-Bi Se3 "stem

at 3000K. ki is thermal conductivity.
k is electron thermal cEndictivity.

All samples Are polycrystalline, at

[Ref. 19825i

"* so"-- -50 "

x Ln aI2Te3.x5*
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RESEARCH AND TECHNOLOGY DIVISION 1 HS NFORCE SYSTEMS COMMAND I lg v pLI I I; II
PREPARED Siy ELECTRONIC PROPERTIES INFORMATION CENTER - HUOHES AIRCRAFT COMPANY. CULVER CITY CALIFORNIA

BISMUTH TELLURIDE-BISMUTH SELENIDE (BI 2 Te 3o Seo)

THERMAL CONDUCTIVITY

Lattice thermal conductivity as a function of "
composition in the Bi To -Bi Se system.

2 3 2 3 stw.1T -
Samples are macrocrystalline, n-type,
copper bromide-doped.

-4

De4.,

0O iLOL .0 o |11o~

-4 [Re. . 7768]

x -•---- K
- -Thermal conductivity as a function of

composition in tne Bi2Te s-BiSe3 system
-Q- - L at 3002. Sigle crysal samples are

-4-- 0.1 si~lver' iodide-doped.

W V 0 s k s thermal conductivity
composition sA atomic kL lattice thermal conductivity
Com position I'n atocic t

Lack of data between 33 and 50% Bi 2 Se 3 masks

the anomalous behaviour seen in [Ref. 7768]
and FRef. 19825).

[Ref. 3867]
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IN, VN -

PREPARED Sy ELECiRONIC PROPIRTIIS INFORMATION CENTER - HUGHES AIRCRAFT LOM'ANI CULVTmR CITY CALIFORNIA

BISMUTH TELLURIDE-BISHUTH SELENIDE (Bi 2 Te 3 xSex)

ThERMAL CONDUCTIVITY

OK

500 250 166 125 100 83 71 62

SI, r.-I°%B1s. iiIB0.06 1 T,-1,111 , h 1BtT03 - 10%

B -0 iT, Alloy ag)

IS)

' 0.05 - l! TE ll ey[ (OSl)

.4..

0 I 2 I 5678 I H0111215141516

1/Temperature (i03 OK-')

Thermal conductivity as a /function of reciprocal t.~mperature
for several Di 2 Te 3 - Bi 2 Se 3 polycrystalline alloys.

o coinnercial, n-type Di2Te3

0.23

A p-type 9i 2 Te 3 t 1% Bt 2Se 3

o n-type Bi 2 Te 3 + 5% Bi 2 Se 3 + .26% CuI~r

The electronic component of the themal conductivity has beeiiI

subtracted by assuaing deg~enerate statistics and usinp, the K.-
Wikedmann-Franz ratio. (Rf 50J

0106

___________III

I -F I I4
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0 CMANO iLRLA ii __ ___ ___ Jj
V MV ALCC1NvNIC PMOPENT194 INFORMATION CENTlE " MUOHIS AIRCRAF1 COMPANv r",, C LY _ ,"Ai

BISMUTH TELLURIDE

TJN0=LE=CTRIC PROPERTIES

Q (OaV/*K) 0 (ohM-Cm) - k (W/cm dog) Z (dek-1) _Sample Temperature Ref.

61 6.x103  .072 single crystal, p-type. 77 0 K 3215
68 5 .855  .072 undoped, parallel (0001)

-. 39 1.71 .058 single crystal, n-type
-% 6.3 .066 with Increasing 1-doping
-22 15.2 .076 3215

macrocrystall ine
Doping1 3
wgt n (10 cm )

+240 5.25xI02 .0200 1.51xlO"3 undoped (1.23) 300 0 K 3867
+242 3.0S .0215 0.83 AgI 0.01 -

* 13 3.50 - - AgI 0.03 -

-202 11,50 .0216 2.18 AgI 0.10 2.05
-177 1S.40 .0230 2.10 AgI 0.15 2.8
-148 21.00 .0248 1.86 AgI 0.20 3.83

-73 $3.20 - - AfT 1(nIf l .2
! gi 7.74 .0207 1.2b -Sn 0.I 3.25

+10t a.as .0210 0.47 Sn 0.3 10.35
+ 55 1.0O - - Sn 0.5 33.4 3867

3 Impure

*200 500 .0175 1.14xlO" single crystal, p-type, 3OO0K 2678

-215 750 .019 2.81 n--type

-200 200 .024 2.50 pure, n-type 2678

All measurte-ntF parallel (0001)

ccrductLvity); n (csrrier concentration)
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AIR 1 CO a K SYaSme COMMAND

P-N&FAI'( My KLIfCTRONIC PROPEN~T11S INFORMATION CENTRfl * UGmf% &iRrNRAI' CCOMPA, CUJLVERf fITe CALPFORNIA I
Sa~iio 1.

Q (max) a (ohm-em) k (W/cm d") (300K)_ n~~ cm Eyta_ eprtre Ref.

17:So .020 :Do.048 5XIO 10 -tvype, 3330K 7624

170 500 )0, 0.041 OX10 )i-type, 3330 Y. 62

BISMUTH SELENIDE I
-100 2000 %.03 .66x10 3W 219 n-type 2000 K 2866

-S1 2000 2310018  siriale 3000 K 21836
crystalI

sh1 23x10 18 il ,'n Ir Le 300 0K 21826

macrocrystal] ine
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L PMIMPAI[D MY ELI'rtON4FL,t PRQPInaNTI INfORMArT#N _INTaIr* HUG[nK AIRCRAPT .OhMIPANY CULV CN ITY C'-

BZSN/UTH TELLWXIDE-BISNUTI SELEDIDE

ThWL•orA LccmR P."foRTIES

S1 2T6 3  Bi S (uV/°C) o (ohm-cM)- 1  k (W/cm DC) Z (deg' 1 ) Ref.

100% 0 + 212 729 .0198 1.66x10" 3.gR?

95 5 + 731 591 .0161 1.96
90 10 + 273 290 .0131 1.65
83.33 16.67 + 290 206 .0119 1.46
s0 20 + 28U 180 .0120 1.20
66.67 $3.33 % 0 04 .0156 0
so so - 228 315 .0144 1.14

40 60 - Ifo 513 .0130 1.28
33.33 66.67 - 135 833 .0145 1.05
22.32 77.76 - 109 1182 .0175 O.tiC

0 100 - 70 1953 .0270 0.15 19625

Th. above values are for macrocrystalline samples at 3000K,

100 0 + 240 525 .02 1.31x10"3  3857
s0 20 + 90 763 -

66.67 33.33 - 213 262 .0142 ,
50 50 - 163 486 .0158 a82
25 75 - 07 1814 .0199 04

o 100 - 60 2330 .0304 .28

The abo•ve values are for macrocrystallre samples at 3000K.

100 0 - 202 11148 .0C1'f 2. .;6x1o 3

90 10 - 179 1335 .0175 1."

60 20 - 177 975 7174 1. 47
66.67 33.33 - AT 1560 - 1. 9
50 50 - 105 1440 .02C3 0. 5
20 s0 53 273n ,2'"V 0.21"

0 300 - '4" 33W, .0337 0.16 3867

The above values are for silver ioe'u .c d... !r•c retalline at 30U0 K.

0
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AIR FORC~E KATE=AL LABOTORY
RESEARCH AND TECHNOLOGY DIVISION _ __________
AIR FORCE SYSTEMS COMMAND _

MREPARED DY ELECTRONIC PROPERTIES INFORMATION CENTER * HUGHES AIRCRAFT COMPANY, CULVER CITY. CALIFORNIA

BISWITH TELLURIPE-BISMUTH SELENIDE

THERMOELECTRIC PROPERTIES

-1-Bi2Te Bi Q (uV/°C) a (ohm-cm)- k (W/cm °C) Z (deg-) Temperature Ref.

90 10 - 200.1 1245 .0168 793.3 0 K 19515
- 173.6 1838 .0228 271 OK
- 125.6 3495 .0398 115.9 0 K 19515

The above values are for a single crystal, n-type sample.
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THERMOELECTRIC PROPERTIES

.L L N. "I

___._________,__-,,._,,

4J

.,t ,

I T

1 24 a

Temuperature (0DK) TPrtr -m

Z.lctrical conductivity and thermoelectric emf as a function of temperature
for 8i2TT2T 3 . Current flow parallel to cleavage plane (0001).

----- clculated curve

experimental

It 8 p single crystal
macrocrystalline, zone refined
macrocrystalline, zone refined

1-3-21 n macrocrystalline, zone refined

[Ref. 3223]10
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PREPARED BY ELECTRONIC 0-ROPERrIEII INFORMATION CENTER * HUGHLEI AIRCNAWT COM•ANY, CULVER C.TY. C.'lIFORNIA

BISMUTH TELLURIDE

THERMOELECTRIC PROPERTIES

I I .

Thermal emf an a function of lead and v
gwinsanium concentratilon in macr-o- • "i'

afteralin BA' To atar~n 300K.___o

--- measurement taken immediately after •i!

-- •seiiured about three months after
stAple preparation I

o L 9 IIi1 ' 0 I0 I' I I III,

Carrier concentration (cm- 3

rRef. 15813]

C.+ ' i./ leme .01

I / 5. 1011

j L .i/_x .LJ2,I 7 ' ".-_ I ---..4 -.J-.

Temperature (OK)

Thermal eof as a function of temperature for Pb-, and Ge-doped, p-type, macro-
cryoua11 e 212Te 3 , normal to (0001) cleavage plane. (Ref. 15813)
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I •mlI[PkPARXI[ BY ItLI*CTRONI¢C PROP11INT1i110 INFrG,,NMATION CIrNTRAq * HU00461111 AIRCRAFwT COMPANY, CULVaR CITY. CALIFlORIq~A

! oc sYTM ON II I

BISMUTH TELLURIDE

S~~THERM•OEL.ECTRIC• PROf;1RTIES •-4V

(---; Thermal f and (-) *ljctrical

conductivity .a polycrystalline Bit2Te 3  5
as a function of carrier concentration o M 0r
at a rare of 300-7000 K. tead additives'atd patype wterili haLides yield

n-type samles. Copper must be added as Jim
a halide rather than tho me al. 44

Maxi-_ Vtlues ,for Lead-doped Samples
130i wohV-ci)-:: Ua Carrier concentration

a20 -3Q2C..0a/0K 1 c

,• .. I" [Ref. 2526]

aIwP

Seebeck coefficient as a function
0 of toemperature for n-type, To-doped,

and p-type zone refined, single
S¢e-crystal bismuth telluride.

Tampeature (OK)
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PREPARED MY ELECTRONIC PROPERTIES INFORMATION r'ANygn 64000OILS A'RCRAFT COMPANY. CULVER tiTY. CALIFORNIA

BISMUTH TELLURIDE

THErMOELECTRIC PROPERTIES 360

320i
Thermoelectric etuf as a function of-- : --

temperature for single cry~ital, 280
n-type, iodine-doped Bi Te 3  cut - --- -

parallel to (0001) cleavage plane. 240 -----

Symbol Type Iodine w

An .037 %--- IF-
D n .046 1 i o--

o n .0597
V n .124 120 -

*p .027 -

&p undoped .C wo

40

0 40 e0 120 1WO 200 240

Temperature (OK)

rRef. 34663

Thermal resistivity as a function
4 ~ of iodine dvping at several

temperatures for single crystal.

In- or 2-yp Bi 3 ; iodina-doped

0" 0XS 0.0 0.1 W4 sample cut pakrallel to (0001)

Iodine concentration M(lavg%)am

[Rof. 3466)
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BISMUTH TELLURIDE

THERUOELECTRXC PROPERTIES

WI WI

.11 _100o-% ., - -[N

P4

%I I
0 c t-.*i x"

Ii-" ;;--l -

Th ermal ou as rla' t ed to conductivity fo r &on * refined polycryst alline Bi T * 3.
Type end temparatur are shoun on Individual gra•phs. The p-type material Is
W1 d ur wit•;h excess ][m'u1h: p 16 .002 ohm-ca. The n-typo Is iodine-doped.

[Rof. 25954
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BISMFUTH TELLURIDE

THERMOELECTRIC PROPERTIES

00 150 200 250 300 100 15) 200 257) WO

"-4

-4

&.0 - 3.0

U * -,

2.5

2.0 2.1 2.2 2.3 2.4 2.5 2.0 21 2. 2.3 2A4 2..F

ý0 200 ._0 300 _ 2vo .50 300

200

4.3 5.0 5.2 54 5.6 U. 4.8 S 5.2 5.4 5 S
log Te"i•srture (O•)

Log elev•tlc'.• conductivity and thermal emf as a function t log terem~erawure
for n-, and p-typ* Bi2To3 sampl~es. pecifications are not eiven, but may be

eith.? single or polycrystalline. Change in slope at hipher temperatures is
due to mixed conduction.

[Ref. 2595] 4
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BISHIiTH TELLURIDE -ye"od

ýTHHLRMOIELECTRIC PROPERTIES

Ito

M~PARALLEL

wo too 3m 300 to400 OFeieaue(K
Sebckcefiinta unto o emeaur ovtosape G inl4,-aa

B12To3tae prlllan ora t 001 lovgepane T. udpI atra

isao t eistoica ope~uesblw h oita hihk4-, onuto
begins.

*I(Ref. 118271

tOO 00 00 40 ~0 01170
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PREPARED *Y ELECTRONIC PROPWRTIEB INFORMATION CiNTE• * HUGHES AIRCMAW7 C- ..MAN-, CULVIR w.-lyv. CALIFORNIA

BIS1,UTH TELLURIDr

THERHOELLCTRIC PROPE"TI'A

Thermal emf as a function of sintering temperatur•
for p-typ*, zone refined Bi 2 T. 3 , Iodine-doped. The *

material was crushed and cmnpacted at varicus _
pressures, then sintered at tempieratures up toS
melting point. Change in type is noted and
reproducible; (10 ton/in2 a 1406.14 kg/cm2 ).
Compacting pressure has only slight effect on

thermal o5f.I

- •+0Thermal emf as a function of particleS~size in i-type Bi 2 Te 3 powders at 300°K,

ii0 n % 2x1019/cc.

[Ref. 8758]

so

140 Tem em0 as a fun0ti00 noo of particl
19 1

MRT~n 2x10 /cc.~w

100S
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BISMUTH TELLURIDE

TERIQELECTRIC PROPERTIES

Changes in the Seebeck coefficient - I
am a functinn of pressure at 3000 K,
In single crystal DI 2 To 3.*

It"Fe 
t et- l

: "'_ I ".-____
'1 0 i 1 It 14 It

[Ref. 19826]

Thermal emf for El.2To3 single crystal
-IN -at 300*k as a~ function of crystal motherliquid composition. Data taken parallel

.sw4 (0001) cleavage plane.

o 1  * w t u-i;'Ref. 801]
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DIS••TH TELLRIDE 0

THEPJIOtLCTRIC PROPERTIES 
n-type 81t To

'W -20+

S-
-40

3.0 K 10-5

rd tý

2.5
,- P. -

2.4•

Thertmal eaf, electrical. resistivitv 6)II01
and thermal candi .tivity for n- and4' 5 -
p-type Bi 2 Te 3  s a function of 4

temperature between 2 and 200 K. [ j
Carrier concentr'ation for both :1

types was l 1•19/cc.

0 4 8 12 16 20 24

Temperxiture (OK)

p-type Bit Te 3

41

0.3-
0.2-

0 4 i It s to 24°o'•Ref 129461o ;
Temperature (OK) [Ref. 128461

120

A--

* >4.___



AM 01 U LJ k2!JO oo
a [.\ n r r. r ' _ n

0 AIR POIQKg y@E M uY v mOMMA .ID 
6L ________U/%q U6J

- - _
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5W0 250 166 125 100
THr9EMEUCTRIC PRO0PERTIES I

2 v

• -14-

Thermoilectric parameters for polycrystalline, 8 6 d

n-typ i 2 SeS3 , 4 7_ no

i3 18

8-3 5?.43x10 18
-

11- 4I-:- 6-10 i7-1 2 9x101  - '' I

6,0

-3-14-1 :Goo M0

20 ioo 330 40oo 400

1- t er-u i n l TepeI tue (1 K

1- lttice cofduct~vlty 4'lct~~ noozos1nt r nc ormoftal Tepeaur (

- lqlctr*o'ai component 4'I Tfrzs norm *1ectt~onic €•enut is a function of corductivity, lattice erattering

P 0

-.id @e30n1Wry. (Ref. 213723 I
121
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AIMPF oAcUav~M couMA, P M __-) PMU T0(

blSE4ýT 
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ID

THERMOELECTRIC PROPERTIES

* Thermal smt an a fulict.ion of '%ampersture U -ic
for mingie crystal, n* typ* Bi So 3  NU

* Although carrier conrentration Is the : p

sman. , the lecreass in conductivity of .-

95-s43% from parallel to normal direction~,
above 5000K. affects the thermal einý/.
Measurements based on three asamples.

caa 275 375 473 51 \673

~ (001 - -4 19~ 100O-3000(ohm-cn-c~ Temnerature (OK)

WOOL0) -- 0b-60 (Ref. 630)

n-type Bit Ses

P --iI 2.1K x 0 Therual erf, electrical resistivity

-2.0 Di 2 Se 3 safunction of temoe-ature
0.23

IV from 2 to 240K. The carrier concen-
.() tration is '~10 19/ce.

P 4 (Ref. 12946]

Taqrertire (00%
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PREPARED SY ELECTRONIC PROr-ERTIES INFORMATION CENTER * HUGH.L~ A!I4CAFT COMPANY C'j,.VER CITY CALIFORNA

BISMUTH SELENIDE

THERMOELECTRIC PROPERTIES 08+" ' 00 250 166 125
-3.0

Log electrical conductivity as a function of u 30
reciprocal temperature for pulycrystalline r: --
Bi2Se

2 3'

1 is p-type u '

0 is n-type • o

I/Temperature (10 3 OK_)

U [(Ref. 21473]

p

+100

3 Thermal emf as a function of

+0temperature for polvcrvstallinu
0 Bi Se either hot-pressed or

> 2 3
5 from slowly cooled melts.

t4-50 -

Sample n. cm
S-,00 •3) p-type 1.9XlO

S2) n-type 1.6xlO18
IZ• I I I !5)- 1.5xlO1

I00 200 300 400 500 600 700 6) l.7xl1 90

Temperature (OK) [Ref. 24731
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BISMUTH SELENIDE

THIRHOELECTRIC PROPERTILS

-20 Cerra Bismutoh

-E:.
.J-. IOC/

" -Ito

so-

i 1 1
0 I0 £0 3o 40 80

Weight %O selenium

Thermoelectric emf (relative to copper) of Bi 2Se3 alloys as a

function of Se content at 300 0 K. The alloys were macrocrystalline.
A bigh purity grade of selenium was used with twc. commercial Frades
of bismuth. The Cerro bismuth purity was higher than that of the
USS brand, although thzt lattar, was purified before use.

2[Ref. 128513
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BISMUTH TELLURIDE-BISMUTH SELENIDE (Bi Te Se

2 3-x X

THERMOELECTRIC PROPERTIES j

A

Thermal emf as a functicn of temperature
for single crystal Bi!Te3 and single crystal I
85% Bi2Te3-i.; SiSe3 The normally p-tyoe 0

>
BI Te is altered to n-tvpe by the presence of ,. -

2 3/
the selenide as well as the chlorine. 4 B

A) weak dc.l'ing

B) strong chlorine-doped

X
I-. KH

1X~~*tP. t, •. •.OA o.-% 8, Te,

W0 150 00 500

Temperature ("k)

[Ret. 58-0J

l sow Electrical conductivity as a function of tempera-
ture for single crystal samples in the Bi Te 3 -Bi Se 3
system. Chlorine doping is debigned to Rive the

maximum figure of merit. T;,e slope of the calculatcd
.V curves (indicated by integers) gives the remperature

V •0coefficient of the electron moDility.

014 Ref. 5810]

50 too 200 400

Temperature (OK)
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BISMUTH TELLURIDE-BISMUTH SLLENIDE (Bi 2 Te 3 _ Se X

THERMOELECTRIC PR.OPERTIES 2000yVo

1000 2 1-
600 2. 1-

S400

Electrical conductivity as a function of -to

temperature for the BiTe Se system.
3-y y 0

- - II 40 to"'

4.41

10 0

i • 0 100 200 300 400 500 600

Pf Tetyperature (OK)

S• •__Seebeck coefficient as a function of

!"" -•---•• -'temperature for Polycr•'sra11ine Bi'le3-v Sev- .. ' "

, x d...,+ vO, . ,,e CUyStL. a0tr: ; • "• -- •i columnar ar.-- the measurements are made

along the 0001) longitudinal axis.
i0Ica No0 400 we0 ON

Temperature (OK) [Ref. 3449]

X 14

The total thermal cerductivity o • iOIof the Bi•T -Ie I Sosystenm atoo "i %•-tl;

L II azl say

D 2 Te 3 Composition B 2 Se 3 (Ref. 3449]
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IBISMUTH TELLURIDE-BIStUTH SELENIDE (Bi 2 Te 3 x Se )

THERMOELLCTRIC PROPERT IES

Ir
S2000 --.4'40 -

Thermal emf and electrical conductiv-ty, ui So -

as a function of carrier concentration 0 0
for iodine-doped 80% Bi 2e -20% Di 20
at 3000 K. , 00

C 0
. - 500 - 0 - -100

41
0 a Electrical conductivity C. 0 0
o o: = Figure of merit -4 0 5 10 15 20S azThermal em! 01

Carrier concentration x 10 (cm-

(Ref. 2538]

250' - 000 ,

2 0Thermal emf and electrical

1500 > conductivity as a function
of composition in Bi Te -Bi Se
ofo 2 3- 23

-u macrocrystalline samples.

1o0% 91811650 .OO%1alT0 3  x z Electricil conductivity j
ZO 40 SO o x Thermal emf

-100 [Ref. 25381
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BISMUTH TELLLLJFDE-BISMUTH SELENIDL (Ibi 1 c3 Se)

THERMOELECTRIC PROPERTIES

to z

Temperature (OK~)

Bi 2Te 27Se . (p-type)

W I II 1

it., .10 - -

Temporature (OX)

Bi 2Te Se (n-type) maximum n~ 3x1019/cc.

Thermal om! as a functici of temperature for compenc-ated single crystal with low

carrier ctncentration. Sample specifications not given. (Ref. 10984]
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BISMUTH TELLURTIOJ>BISM'JTH SLLE:NIDL

THERM0!LLCTRDý PROPEPTIES

333 250 0

4

k. _0_ L___ -

I~~~ -___ resistivity__

0- thermal emfC) k- ther-ial conduactivity

Z - figure of merit
[Ref. 15501)
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0K,

Is liteu. ..2 00. 71*

A.4

~aA

e-Emertr 1030-
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flISM~UTH TELLUkIDl-BISMUTH SLLLNIDE (Bi 2 Te 3 -xSo x

THERMOELECTRIC F'ROPRI ILS

110

C. - 0 to0 zoo 500 'd00 500 800

Temperature (QK)

Flutre t mr," a& r unction at t ¶r~ratur-! for polycrystalline samr'Ies of
Bi 2Te 3 (9O%)-Bi 2Se 3(201). n varies from Ux10 1 9 to I.2x1O' 0 /cc. Carr'ier
concentrations for samples 1b and 71 are given as:

n,, cm-3

I15) '4.4XIO 
19

121) 3.7xl10 20

(Ref. 14.600J
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BISMIUTHI T~LLLJRDL and 31SMUTH SLLLNIDL

THLERHOMAGNTIC PROPIRTILS

4-30

S ~Nerflst-Lttlngshauben coelticient as a
function of temperature frqr pulycrystaiiine, Q .
cast and pressed Bi Te3  in a 7'00 Ce field. -

Field is applied parallel to (0001) cleavage r_ 10
plane. 0 0

Sample Type n, cm-310 005 0

I 1 .5  101 4
k 2 n 2.2x1O1  4

3 .5XIO -20

'4 p 6xlu~ -,0

Tempe.-ature (Oes)

___ (Ret. 2537]

-42

Trdnsverse Nernst-Et tina'shausen
V 2 1bcoefficient as a function of

4 ~temperature for polyLcrystalline0 20Bi Se Material was5 eirther hot-soI 2 3'

44 0 1 68 pressed or slowly cooled. Carrier
concentration at 200OK:

I. 1 p .2xl01

-43 p 1.9X10 1

2 1.6x10 1 81
44 r4.2
5 1.5X10 19

-. . 1.7n10

Temaperature (OK)
[Ref. 2L473J
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BISMUTH TELLURIDE

WORK FUNCTION (•)

Value (eV) Sample Test Method Temperature Ref.

5.30 single crystal, p-type, (c001) electron photo- 3U00 K 493

emission

O ,150.0 .10P-TYPE 
N-TYPE

0 -• °,,--ToPE
)010 0.15

0-L

33

( - POO 3(u I CIcO 200 300
Temper'ature (o10

Work function behaviour with temperat .jre for three samples of polycrystalline,
n-, and p-type Bi 2 Te 3 . Measurements made by means of contact potential dif-
ference experiments.

[Ref. 190981
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BISMITH TELLURIDE-BISMUTH SELENIDE

-- 200 400,4
WORK FUCTION-type

.0.4 " -100 500

0.3 - 50 -2-50 IV0U

faa
0 100 20 300 400

S1.2 - 200 - 9•00 ,4

I I
.-. I' - I 0 -- "I +" I

0. l 0
I.O -1 70

0 o I 200 300 4500

Temperat:ure (oC)

Wlork function beh~viour with teuwperature for two sazmIples of polycrystalline, n- and
p-type, 80% Di2Te3 + 20% Di2 Se 3 . Conducttvlity and thermal emf are also shown. • _

[0f 908

0 130 20 30,0

Tempratue (0

Wor fucto Iee u wit teprtr fo tw sape of polycystaline,-IaI
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THE EwURONwIC PRMWIE6 nwtm4Aic Cfll= (EPIC)

Hug"s Aircraft Co., (Bldg. 6, Mail Sts. E1U8), Culver City, california 90232

DS-101 Cadmium Telluride. M. Neuberger. June 1962. (AD-415 331) $5.60

DS-102 Indium Phosphide. M. Neuberger. June 1962. (AD-414 847) $3.60

DS-103 Indium Telluride. M. Neuberger. June 1962. (AD-414 896) $3.60

DS-104 !ýg-eesium Silicide. M. Neuberger. June 1962. (AD-414 895) $1.60

DS-105 Polyetbylene Terephtbalate. J. T. Milek. June 1962. (AD-414 846) $4.60

DS-106 Polytetrafluoroethylene Plastics. E. Schafer. June 1962. (AD-413 907) $4.60
(More recent is Special Report S-3)

DS-107 Polytrifluorochloroethylene Plastics. E. Schafer. June 196E. (AD-413 940)
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126-108 Zinc Telluride. M. Neuberger. June 1962. (AD-413 939) $2.60

DS-109 Indium Arsenide. M. Neuberger. June 1962. (AD-413 892) $4.60

DS-110 Aluminum Antimonide. H. Neuberger. September 1962. (AD-413 676) $4.60 2)
DS-111 (No longer available; superseded by DS-146)

DS-112 Gallium Antimmide. M. Neuberger. October 1962. (AD-413 775) $5.60

DS--13 Lead Telluride. M. Neuberger. October 1962. (AD-437 311) $5.60

DS-114 Magnesium Stannide. M. Neuberger. November 1962. (AD-413 825) $2.60

DS-115 (No longer available; superseded by DS-144)

DS-I16 Lead Selenide. M. Neuberger. Dec,=ber 1962. (AD-437 310) $4.60

DS-117 (No longer available; superseded by DS-137)

DS-118 (No longer available; superseded by DS-137)

DS-119 (No longer available; superseded by DS-137)

DS-120 (No longer available; superseded by D1-137)

DS-121 Indium Antimonide (2nd ed.) M. Neuberger. December 1965.

DS-122 Steatite. J. T. Milek. February 1963. (AD-413 834) $5.60

DS-123 Beryliuim xide. J. T. Hilek. March 1963. (AD-413 831) $2.60
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DS-124 Cadmium Sulfide. Summary review and Data Sheets. M. Neuberger. April 1963.

(AD.413 667) $U..50

DS-125 Magnesium Oxide. J. T. Milek. June1963. (AD-413 809) $4.60

DS-126 (No longer available; superseded by DS-137)

DS-127 Silicone Rubber. J. T. Milek. June 1963. (AD-413 906) $3.60

6S-128 Cordierite. J. T. Milek. June 1963. (AD-413 850) $2.60

DS-129 Foraterite. J. T. Milek. August 1963. (AD-421 829) $3.60

DS-130 PyTroceivi J. T. Milek. August 1963. (AD-421 883) $4.60

DS-131 (No longer available; superseded by DS-143)

DS-L.V Zinc Selenide. M. Neuberger. September 1963. (AD-421 964) $2.60

DS-133 Zinc Oxide. K. Neuberger. October 1963. fAD-425 212) $4.60

DS-134 Cadmium Selenide. M. Neuberger. November 1963. (AD-425 216) $5.60

DS-135 Zinc Sulfide. M. Neuberger and D. L. Grigsby. December 1963. (AD-427 288)
$7.60

DS-136 Aluminum Oxide. J. T. Milek. March 1964. (AD-434 173)

DS-137 Silicon. M. Neuberger. May 1964. (AD-601 788) $14.50

D6-138 Borosilicate Glasses. J. T. Milek. June 1964. (AD-602 773) $5.00

DS-139 Aluminosilicate Glasses. J. T. Milek. July 1964. (AD-444 101)

DS-140 Sulfur Hexafluoride. J. T. Milek. 0ctober 1964. (AD-607 949) $3.00

DS-141 Niobium. D. L. Grigsby. November 1964. (AD-608 398) $4.00

DS-142 Pluorocarbon Gases. J. T. Milek. November 1964. (AD-608 897) $4.00

DS-143 Germanium. X. Neuberger. February 1965. (AD-610 828) $6.00

DS-144 Gallium Arsenide. M. Neuberger. April 1965. (AD-465 160) Not aevilable
from Clernhue

DS-1S Silicon Carbide. K. Neuberger. June 1965. (AD-465 161) Not available
from Clearinghouse.

DS-146 Gallium P-hosphide tml the Gallium Arsenide-Gallium Phosphide System. M.
Neuberger. July 1965. (AD-467 537) Not available fron Clearinghouse.

.fS-147 Biesmth Telluride-Bismuth Selenide System. M. Neuberger. January 1966.
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KLMM'RICAL AND XL1~IIIC PF0M C MOP MUAI. tU~raWUIO TSM AL
PPM4ANO Tecdmloma Dwomwftaxy APPOrt NFo. AW-T1-62-.559, JUDO 1961,
F1M1 RPAPst (Covers wo: frce AIWY Sp 1961 - June 15,, 1962), ff. T.
Jobnom*, 3. 8ebafer, and S. 14. Wa3Ja., pp. Z19. (AD-Z89 546) W1.00.

Mbd. A D-a62-539, Part 11, April 1985, 9. T. Johnson, D. L. Ori~ty,
and D. H. Johnson (Oovmr. v.2 from Jun 15, 1962 - Dectibr 14, 1962),

Mbd. AW~1Z-6ZU-539, Part 1110 April 19640 X. T. Johnrsona nd D. H.
Johnson (Covers luork ftr Jamamry 22, 1963 -Januay 31, 1964), pp. 00,
(AD-6oc 411) $3.00.

THE Em&nTRMrc FoM rxM w4 ION CW , Technical R~eport APEL-T-
65-68. Marwch 1965, II. T2ner Johson and Donald L. Origoby (Covert work
from 1 Februury 1964 -31 Januay 1165), pp. 80. (AD.466 106). N~ot available
from Clearinghouse.

(The". four rport., ASD-Tt3-62-539, Niats I, II, anI MeI and AFNLC-TR-
65-68, are progress report. that duesribe the esttmbiu1hment, purpose,
operations, propwný and accompishiments of EPIC.)

S-1 DIMLATICUI NMAIALS DUSCRIPPM USED INi TI!E BLEMICAI. AND ELEC-

W11 Schafer. July 196:!. (ftpermeded by oth~er -Publioaticms.)

S-2 BD4XCOOPUTACOP NATIAIS DIOCRIMC IE IN THE LECr" ICAL ANID
KLAI'RMIC PRCS'WIM Or MATERL42B IiIFORATIC lOPI'IEVAL PPCXMRM:
IDi1 Schafer. BeptUmer 1962. (Superseded by other publicatimma.)

S-3 A 5URMV NNMUIAI W Cm TMRAPUMPOrL!2IE (in) PLASTICS.
J. T. Xilek. Septa~er 1964. (AD-607 796) $4.00.

8-4 THE JVRPOB ANID FU= f OF30 TIM EL CTW1' IC IE IFll7PA2TION I
CUI'U. N. Ttuhar Johnson. August 1964. (out of privt)

8-5 KZLEM"R MM3LL~ IN ALIMAIC ft!WCCAMMUI AS MU TO CF40IC
DWfl.VO NA1UW. J. T. 3M2Ak. rebrumq 1965. (AD-665 159)
Not roalable from Ceaiiou

8.6i O~flCAI PY AND T1WL CCWPC7rh1T OF AIZIWU acne.
I. Padm"Mr. 7ebsvux 1965 (AD-4ft 82s). Not avellable from

$4? SAM Or UmrlU= PIC FP=M. &III 80SoAf. JGA=~7 1965.
(AD.GiG 785) $3.00.
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