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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 whatsoever:
and the fact that the Governmment may have formulated, 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.

Quzalified requesters may obtain copies of this report from the
Defense Documentation Center (DDC), Cameron Station, Bldg. 5,

S501C Dulke Stree, Alexandria, Virginia, 22314. The distribution

of this repor? is limited because the report contains technology
identifiatle with items on the strategic embargo iists excluded
from exnort 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 Electraonic 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, Research and Technology
Division, Wright-Patterson Air Force Base, Ohio. The Contract was initiated
under Project No. 7381, Task No. 738103, with Mr. R. F. Klinger acting as

Project Engineer,

The EPIC Information Anziysis Center {s a center for the collection, re-
viaow and analysis of the scientific and %echnical 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 & series of publications such as Data Sheets, Special Reports, State-
of-the-Art Reports, Computer Bibliographies. and services including special
studias, answers to technical inquiries, research support is provided to the
DeD community. EPIC input is primarily from the open literature. A large
number of abstract journals, in addition to about 40 other journals, and the

unclassified report literature are completely searched.

This report consists of the compiled data sheets on the Bismuth Telluride-
Bismuth Selenide System. A full list of EPIC putlications 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-pubiication review of the compilation. The sup-
porting assistance of other members of the EPIC staff, in particular, Mrs. D.

Gough, Mr. Thomas Lyndon, and Mr. W.S. Hodge, is gratefully acknowledged.
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ABSTRACT

These data sheets present a compilation of a wide range of electronic
properiies ror the bismuth telluride-bismuth selenide system. Electrical
properties include co;ductivitv. dielectric constant, Hall coefficient, and
moblility. Emissiou data have been broken down into the varied electron and

photon emissions which result from application of electromagnetic energy over

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

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

properties include absorption, reflection, a1 the refractive index. Other
magnetic data and irradiation effects are presented, as well as several re-
lated physical phenomena, such as piewoclectri. properties, Debye temperature
and electronic specific heat. Thermoelectric prorerties, thirmal conductivity

and figure of merit tables and srdphs are especially presented. Each property

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

film form, from references obtained in a thoroupgh literature search.
A summary of crvstal structure and phase transitions has been included.

This report has kecn reviewed and is approved for publication.

B el
Emil Schafer, Ass1stant ead

Electronic Properties Information Center
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INTRODUCTION

Tha initial step in the preparation of this data sheet was the retrieval,
by mwane of modified coordinate index, of all bismuth telluride-bismuth selenide
system literaturs 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 unless only secondary references were avalilable, If
equally valid data werc available [iua scveril sources, all were given. Data
warc rejected when considered questionable because of faulty or dubious measure-
ments, unknown sample composition, or if more reliable and inclusive data were
available from another source. Selsction 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-
quires a reappraisal of the reported values. Older daia may be deleted in

light of the new dava.

Within every property section we have tried to include every available
parameter and range of experimental condition in the literature. Information
on test comlitions and sample specification are extracted from the article.

Soma slight alterstions in units and presentaticn 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-
sonted with thermal emf data in order to facilitate calculation of figure of

merit values, Jross-referencing of germane information is also provided.

Within the individual properties, arrangement has genarally been to show

the pure sample data followed by the effects of dopants (in alphabetical

e miaiin o S Mt




vrder). Doring,. per se, however, is >ften not a qualifyfng factor, and graphs

may be arranged or grouped according to experisental parsmeters.

In presenting tabular data, values are variously arranged. In some casa<

it ia by dopant, in others by magnitude of numeriral value, On occarion,

however, the values from onc raference may be grouped for comparison.

The references, from which the data are drawn, are shown by accessi.n
number below aach graph, with the full bibliographic citatfon tadbulated 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 v.th

thermoelectiric oroperties.
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CRYSTALLOGRAPHY

Bisauth telluride occurs raturally as tellurobismuthite in irregular
plates or foliated masses. It is soft, with a metallic lustre; the (0001)
cleavage {s parfect, so that all measurements are made either norwmsl or
parallel to that plane. The hexagonal symmetry indicates that the electronic
properties are anfsotropic. This anisotropy is very marked in optical measure-
ments [Ref. 3124); dielectric constant [Ref. 10299]); electricai conductivity
[Ref. 631], (electrical conductivity normal to the (0001) cleavage plans {s
.1 of that parallel tc the (C001)]; magnotoelectric measurements [Ref, 19045];

reflectivity [Ref. 18221]; and thermoelesctric emf [Ref. 19827],

Bisauth selenide occurs naturally as orthorhombic 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 aynthetic

material {s rhombohedral and apparently isostructural with the telluride.

Wyckoff states that both the bismuth telluride and the bismuth selenide
are rhombohedral crystals with a one molecule unit. The corresponding hexa-
gonal cell contains three molecules and the molecule is considered to have

atom layers along the c-axis.

The ternary compriases a continuous series of isomorphic (rhombohedral)
compounds (Ref. 19825]. As the selen.um content increases, it becomes more
difficult to obtain single crystal material in thin enough specimens to do

optical work [Ref. 22u68).
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Compo-

sition Sysmetry

Bi_ . Te, hexagonal

3 =] N
812T03 hexagonal

BizTcs rhombo-~

; hedral cell
hexagonal
cell

BiTe cubic

8128e3 haxsgnnal

|
)
!

Bi2503 rhambohiedral
cell
hexagcnal
cell

}

} BESSe" hexagonal

‘ Blase“ rhombohedral
hexagonal
cell

— e —
o ———— . .

Lattice Constants

a
=

.38y * 0.0014

Zo Se
u.,2u0 11.078
n.376 30.39
4.369  30.424
4.3 30.3
10,473

4,383 3C.u87

'Y

6.702 11.26
4,15 Z8.65
4.125 78.56
.13 to 28.7 to
4,16 29.3
8.34)

4,138 28.64

4.21 to 40.3 to

4,28 4l.1

13.719

4.23 40.5
y

<
-2

30,495 ¢ 0.0064

c_/a

2.612
6.945
6.963
6.9655

249 10'

1.680

Renarhs

6.8836 natural crystal
isowvypic with BiQTe3

£.9236
6.9492 to
7.009¢0

¢
24° 16
9.5724 to

9.6028

o
179

variable
composition

variable
composition

300°K

21735

Donnay

Wyckof £

Wyckof £

Donnay

Wyckof f*

Donnay

Wyckof £*

— ;s ..



Compo-
sition Symmetry Lattice Constants Remurks Ref.
BiSe cubic 5.88 Donnay
BiSe cubic 5.99 Wyckoffe#®
Bi2Te2Se rhombo- 10.255 2ye §! Wyckof £*
hedral cell
hexagonal 4,28 29.86
cell ,
Mclecular & !
Biz’!‘e3 Bi2Se3 Formula
100 0 BiQTe3
a5 s Bi.Te Se
90 i0 BigTe§'$SSeg'§5
83.33 16.67 Bi_ Te Se
80 25 BizTeg'S Seg':
66.67 33.33 Bi;Te2° Se™*
60 40 Bi2Tel 8 Sel "
50 50 Eiz'rel's Sel'g
40 60 BiQTel > Sel'a
33.33 66.67 Biz"'re Se
22.22 77.78 Bi‘Te  ..Se, ,
0 106 Bi2ses 7 2%

The atomic formulas and corresponding molecular percent compositions are
given here for guneral reference purposes.




TEMPERAIURE, °C

[Ref. 21735]
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Arrangement of atoms in bismuth

selenide as viewed parallel to the
basal (cleavage) plane.

"Considering the transition from BizTe3 to 8123e3 in light of the “,)

[Ref. 556u]

Cieavagqe
Plones

Arrangement of atoms in bismuth telluride
as viewed parallel to basal plane, show- .
ing layer structure and two types of

tellurium atioms.

[Ref. 19825]

preferential-sutstitution hypothesis, Biz're3 has the highest p-type conduc-

tivity in the aystem.

Then, with initial substitution of selenium in Te2

sites, Bi-T92 pair bonds would be replaced by more ionic Bi-—Se2 bonds. Here

decreasing electrical conductivity and increasing energy gap were noted.

A

At X s ], the Bi-TeQ pair bonds hypothetically would be replaced by Bi-Se’

bonds and the solid would consist of mutually-bonded Tel-Bi-SeQ-Bi-Tel chains.

At BizTozse the Seeback coefficient is observed to cross zero, electrical

conductivity is minimum and energy gap is essentially maximum.

With contin-

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

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

slectrical conductivity increases, and energy gap decreases slightly."

[Ref. 19825]
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Stoichiometric bismuth telluride, BizTea.

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

is always p-type; excess

the p-type. [Ref. 15291] Copper has a high diffusion rate in bcth the
telluride and selenide and yields n-type material, so it should never be

used for contacts. {Ref. 2595]

In the mixed crystals BizT Sex, the carrier concentration decreasas

€3-x
with increasing x-values, prodbably due to decrease in bismuth. Intrinsic
conductivity occurs around BiQTQQSe. At x > 1, the crystals are n-type, and

the electron conrentration then increases to a maximum of 3 x lolglcc for

Bizses. [Ref. 10984]

The thermoelactric properties of the bismuth telluride-bismuth selenide

- system are a functiin 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\ :r, n-conduction
can bs achieved. This 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 conditibns,

Whila 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.




Decreased figure of merit values for the n-type at low tewperaiures is
connected with lowered thermal emf, but increased electrical and thermal
conductivity. Thermal lattice scattering and nondageneracy
the lattice portion of the ther.al conductivity is .0109 W/cm Jdeg. This
value closely approaches the minimum of the lattice thermal conductivity
nominally at about 20 mole percent bismuth selenide. IF it is wished to diu-
place the figure of merit maximum towards a higher tsmperatire, the selenide
portion may be increased in order to increase the ene;gy gap. Strong doping

also allows intrinsic conduction to occur only at higher tempcrstures. Both

mathods, however, produce a decrease in the maximum figure of meriv.

WYCKOFF, R.M CRYSTAL STRUCTURES. 2nd. ed. N.Y., Intsrsclience Publishers,
1963. V. 2, p. 29-30.

WYCKOFF, R.%#® CRYSTAL STRUCTURES. 2nd. ed. N.Y., Interscience Publizhers,
2963. V. 1, p. BS6.

DONNAY, J.D.H. CRYSTAL DATA. DETERMINATIVE TABLES. 2nd. ed. American
Crystallography Association, 1963, '

HANSEN, M. CONSTITUTION OF BINARY ALLOYS. 2nd. ed., prepared with the
coopsration of ANDERKO, K. N.Y., McGraw-Hill, 1958. p. 335 and 340.
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BISMUTH TELLURIDE

ABSORPTION (a) Photon energy (eV)

JE

-l)

Absorption coefficient in single crystal
312Te3 as a function of wavelength at 300°K,

Measurements on (0001) cleavage plane.

nr 5x1017/cc at 300°K.
p = .055 ohm-cm.

O 1) 1N ALY X

Wavelength (microns)

Absorption coefficient (cm

[Ref. 10535]

Wavelength (microns)
e 43 89 98 10

N" 80 | S T T
~ 293°%x
X
T'a %0 |- |9.z°
ht o % ° Absorption edge data for single crystal, n-type,
' £t b ¢ " Bi,Te,, shown by the square root of the absorption
-;.4, N . coefficient as a function of photon energy.
. © w0l . ° Curves are calculated from transmission measure-
" o ¢ ° ments made at three temperatures on a nearly
§ 197k « % % intrinsic sample, iodine-compensated, on the
ol e 4 ® (0001) cleavage plane.
8 Y e %
o "\ -\ [Ref. 312u)
oMm '\\
E o A i 'y i
QI7 048 OI8 014 0.3 QU2

Photon snergy (eV)
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BISMUTH TELLURIDE

ABSORPTION

Absorption coefficient (al)

¢
0.8 Q.7 0.16 O.I3 Q.14 0.13 02

0
Q.19 .18 O.IT Q.16 0.I5 Q.14 C.I13 Q.12

Photon energy (eV)

A comparison bstwsen the measured and calculated absorption edges in =ingle
cryetal, n- and p-type, 512T93 samples, showing the effects of degeneracy

at 2 temperatwrer.

absorption edges, at two temperatures, for the single crystal, n-type,

intrinsic sample shown on preceding page, given here for comparison.

L

calculated edges showing effects of degeneracy at 118 and 292°K,

Points show exparimental data '

(Ref. 21M]
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BISMUTH TELLURIDE
ABSORPT1ON
* Photon energy (eV)
-

KT AT 9 oy

Ll Bl g N —

-

Photon energy (eV)

srapte
-
4

Absorption coefficient (cm 1)

—
& ’ LJ

&
4

Absorption coefficient (ca™D)
. _

i l n; . L] ; »n
Wavelength (microns)

Wavelength (microns)

i

Free carrier absorption in single crystal Bizrea at 300°%X. Values are calculated

from transmission measurements on (0001) cleavage plane. Absorption cosfficient,
a~ A%, Values of s are shown on curves, by solid lines. v

p-type n-type
. carrier concentration n, at 4°K
¢ 3.5x200%/cc o 1.3x10l%/cc
v 2.1x10 3.8%x10
18
x 1. 7x1017
H 1.7x10 (intrinsic)

[Ref. 52u])
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BISWUTH TELLURIDE

, ADSORPY ION
. Photon enerry (eV)
!
; 18 18 12 0
~ 4
} Infreared transmission as a function of e 4
s wevelength for highly purified, p-type Ler [ oK .
1 single crystal Bi,Te, at two tupcuturu._§ 1.0 F
Thickness was 0.06 wm and f1lumination 3 o8
was notuel to the cleavage plane (0001). ! 0.8} 300%%
0.4 - ‘
Eoor
o 2 A4

74 80 9.0 10.0 1o no
Wavelength (microns)

(Ref. 2066)

Photon anergy (eV)

o __-!'. ."‘ l'ﬁ -

Transmiasion as a function of wavelength for
single crystal, n-type liz‘l'o3 at 118°K, using
1ight polarized Iin the two principal directions.
N\ The sample ia lodine coapensated-intrinsic.

!:I. polarized light parallel to cleavage planes;

E,, polarized light perpendicular to cleavage
.l... planes, (0001).

G hE

Trensnissfon (ard units)

——

: (Ref. 312%}
. Vavelength (microns)
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BISNUTH TELLURIDE

ABSORFTION

s st ettt e e g

/.; LI P

0 08 10 18
@ PHOTON ENERGY (V) —

Absorption coefficient as a function of photon energy for single crystal,
(A) and f£ilm (B) 312‘1‘03. deposited on the (111) plane of a KC1 substrstu,

The single crystal shows a direct interband transition xt 0.18 oV and a
higher transition at 0.3 eV,

(Ref. 22463)
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BISMUTH TELLURIDE

ABSORPT ION

C

loz Trensmission

U Y | 011 L

~ L& 1 og - m s [ N O© ND
- w82 k85 '.?:Eg:'g'ggg;;g}x

A
AL AL AA AL a2 ag J b L L 4 L)
o~

| suanias §oge ARsagas)
| §8%E 53 %

Wavalength (microns)

Transaission as a function of wavalength for:

1. Single crystal, thin ssction, p-type 512'!‘0

| 4 1, 2, 3. Thin evaporated films of p-type Bi,Teq

) (Ref. 2711]
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BISMUTH SELENIDE

" ABSORPTION _

Transmission as a function of wavelength
for films and pressed powder disks f

n-type Bi_zse3 at 300°K.

Photon anergy (eV)

'
5
g 4
-4
2 s
%
e 2 -
A i
[ 2 i '
' J
i t 4 3 4 8 € 7
Wavelength (microng)

Photon energy (eV)

Transmission

[T T N |
2 3 ¢4 5 &7 8 9

Wavelength (microns)
[Ref. 3097]

eoo i1

Transmission as a function of wavelength
for purified single c¢rystal, n-type Bi Se3

at 300°K,

Illumination normal to the

cleavage plane (00351), of a 0.03 mm thick

sample.

Carrier concentration is 2x1019/cc.

(Ref. 2666)
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BISMUTH TELLURIDE-BISMUTH SELENIDE (BiQTes_xSex)
ABSORPTION

Photon energy (eV)
; =3 .21 .16 .12 o® 077

log Optical density
>

A . [o] N
0 4 6 8 10 12 14 6 4 6 8 10 2 14 16

Wavelength (microns)

Optical density (normalized transmission) for Bi, Te_-Bi,_S2. polycrystalline,

{plane parallel) samplez at 300°K. Sample specifications given in table.
Curvas 1 and 2 for pure BizTe3 show transmission interference fringes.

Sample
(liggigﬁcryttal) 312T03 812803 Type Thickneas (microns)
1 100 - P 3
2 - 100 - P 17
3 _ 90 10 P 20
6 80 20 P 30
7 70 30 n 40
8 68.7 33.3 21
9 60 (74} as
v 50 50 29
11 40 80 39
12 39 70 21

18 - 160 25

(Ref. 22u68)
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BISMUTH TELLURIDE-BISMUTH SELENIDE (Biz'l'c

DEBYE TEMPERATURE (GD)

0s.h. et.c. K
155.523 . 0
161 80
158 90
159 100
151 120
165 140
171 160
0 182 180
190 200
212 220
117 71.6 10
127.5 79.3 15
= au2 8.5 20
95.3 25
98.2 30
180 . 80

a-xscx)

Sample
BizTea Ref.
macrocrystalline 7764
polycrystalline 3030
3030
single crystal, 3u66
n-, and'p-type
3466
812833
polycrystalline 3030

L) is calculated from thermal conductivity data

t.o

L is calculated from specific heat data

s.h'

O
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PREPARED BY ELECTRONIC PROPERTIES INFORMATION CENTER ¢« HUGHES AJRCRAFT COMPANY, CULVER CITY, CALIFORNIA

BISMUTH TELLURIDE , ‘

DEBYE TEMPERATURE

175

%k

150

~ i
x _ :
- J
& 12 !
& B
[ :
1
] .
[=7) :
=1 i
@ H
] '
o i
b H
3 100 i
a
80 + ' -
’ o 10 ‘ 20 . 30 40 50

Temperature (°K)

Characteristic Debye temperature for macrocrystalline, p-type Bi2Te3 between 1.37

and S50°K, derived from the experimental heat capacity data. The region below 3.5°K :
is shown separately and corresponds to the portion of the main figure which has :
no points. The crosses indicate values calculated on the assumption that the x
entire measured heat capacity is due to the lattice.

{Ref. 7764] J
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BISMUTH TELLURIDE
DIELECTRIC CONSTANT (¢)

Symbol Value Sample Wavelength Temperature Ref.

) € ~ 100 (est.) single crystal, n-type lugsu
° n = 3x107-6x1019/ce

€, 84.6 single crystal, n-type 8 to luy 118°K 312y

nearly intrinsic, calc.
from index of refraction

o

Thorough search of the literature indicates no successful measurements
have besen made for dielsctric constant or refractive index of bismuth
selenide.
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BISMUTH TELLURIDE
Wavelength (microns)

.82 2
T T T

DIELECTRIC CONSTANT 2
T

3

]
(o]
v
—
" q

S
o

Real and imaginary part of the dielectric
constant ¢, and € 85 function of
photon energy in single crystal, p-type
.Bi,Te.. Radiation normal to the cleavage

-]

o

-
—

plane (0001) E, . Values calculated from sor 1
reflectivity measurements. R
a0 | .
20 7

Dielectric constants (sl) (3 (:2)

A 1 i b A A

0 2 4 6 8 10 12

Photon energy (eV)
[Ref. 22u68)

° .
et

e

» Anisotropy of dielectric constant in single

§ crystal BizTea.

g = x is € 174

9 3&' o is ¢ /€y

E € “ is dielectric constant measured parallel

< to c-a is or (0001)

z; [ 1 ] I3

€, is dielectric constant measured normal
w % W to (0001)

Rotation angle (deg) O
[Ref. 10299]

cfb
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BISMUTH TELLURIDE
EFFECTIVE MASS (m*)

Symbol V. lue

Il .0505

m2 . 209

0O
0.114

Faraday rotation
at 17 kOe and
A = 8-)5u and 78°K

AIR FORCE NATERIALS LADORATORY

REBEARCH AND TECHNOLOGY DIVISION
YBTEMS COMMAND

’ [T

B LECTRONIG

P ROPERTIES

1 NFORMATISN
C ENTER

Sample
single crystal, p-type

single crystal

single crystal, p-type
n A lola/cc, field parallel
(0001)

Optical absorption
at A z 8-20u, made
at 300°K

0.26

0.25

c.15

0.14

+ L cyclotron ef

Field parallel (0c0l)

A normal (000l1)

fective mass

23

PREPARED BY ELECTRONIC PROPERTIES INFORMATION CENTER » HUGMES AIRCRAFT COMBANY CULVRR GiTY, CALIFORNIA

Test Measurement Tenparature Ref.

magnetoelectric 300K 108204

, 18204

magnetoelectric 9763

at 110 kOe

2, 4, and
77°K

9763

deHaas-vanAlphen  1.4-4.2°K 11903
oscillations to

190 kG

m_ t
1
®c,  0.145
‘:) m 0.236
3
m 1 0.13
-

Single crystal

n, cm type
1.5x10, p 524
1.3:(1018 P
3.8x10 P
18
1.7x1018 n, I-compensated
2.1x1018 n
3.5x10 n 524




7 B LECTREONIS
P ROCERTIES

QE.LIRICL AND TECHNOLOGY mwmo! ’ | ] [ ] r\nr?f—wr‘\nv’-z}b’;\\\?ﬁ@r.\m
AiR FORCE OYSTEMS COMMAND ’ ’l é :&];:[;3’3 C

=

PREPARED BY RLECTRONIC PROPEATIES INFORMATION CENTER » HLOHES AIRCRAFT COMPANY, CULVER CITY, CALIFORNIA

BISMUTH TELLURIDE

EFFECTIVE MASS

§zg§g£ Value Sample Test Measurement Temperaturs Ref.
L 0.32 single crystal, n-type, thermal emf 300°K 2624
iodine and tellurium-doped .
'p 0.46 single crystal, p-type,
bismuth and lead-doped 2624
0.511 singie crystal, Hall 280°K 9763
"bs np . legxalcc
0.511 . single crystal, p-type, Hall 77°K 3207 .
"os ns 3x10'1¥/cc )
My 0.055 single crystal, n-tyge thermal emf 4,29K 14854
(lower Te-doped, n = 2.45x1017
conduction
band)

o = density of states effective mass

LR 1.07 single crystal, p-type, electrical & 100-700°K 407
nrorsal to c-axis, n =z ]. Hxlo /cc thermal emf

.p 1.26 4 kG field 407

n .48 pclycryttallino, p-type, Hall coefficient 2°K 7764

P n = 4x1919/cc and specific heat

Thess excessively high effective maas values are due in part to channeling in

& polycrystalline sample, but even more to neglect of the anisotropy factor in

the slectromagnetic measurements. The present interpretation of a six-valley

band structure would reduce these high values by a factor of 3 with the intro- (:)
duction of the tensor components.

24
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BISKUTH SELENILDE
EFFECTIVE MASS

Symbol velue

m 0.18
n

0.18

nn 0.16

m ~ 0.4 (calc.)

I1112 1.21

-3/u2 0.093

n 1.1

nt 1.3

e r——e .
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i

Test Measurement

REPARED DY ELECTAONIC PROPEATIRD INFORMATION CENTER ¢+ NUONES® AIRCNAFT COMPANY. CULVER CITY, CALIFORNIA

Temperature Ref.

Semple
polycrystalline

polycryatallinc, -tyga

n s 6.7x1017 and 3x1018/cc

polycrystalline, n—typei
n = &,2x1018 and 5.4x1018/¢cc

nacrocrgstalline. n-type,
n = 1019/¢cc

mzlml 0.33 single crystal, n-type
(0001) cleavage plane

n3/n1 4.2 l

m, im,im, (1.0:0.93:4.2)

Bi2Tes

single crystal, n-type

LIS PEL T (1.0:0.83:.077)

8oh 812T03-20\ 312803

polycryltallino,
n = 3x1019/cc

macrocrystalline, n-type,
I-doped

25

Hall A00°K 2473

thermal emf 100°K 21372

thermal emf 100°K 21372
electrical 300°K 2538
magnetoelectric 90°K 3]50

3350
magnetoeslectric 77°K 2360

)

236V

tharmal enmf 77-630°K 14600

thermal emf 300°K 2539
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BISMUTH TELLURIDE-BISMUTH SCLENIDE (Bi2T.3-xs‘x)
EFFECTIVE NMASS

’ 0
0,700 0 40 20 By,

1§
»
o’ b i!; :s*-o
‘ if .A‘\\\ .
AR * g
H / \ 2
~X ]
: AR ';;
ot 3
v \,
o 28 ‘;*;7 - ;4 é
¥ 373 ¢
' —
| 5
l
!
!

Composition (at.%}

Effective mass as a function of composition for macrocrystalline,
iodine-doped samples in the Bi TeJ~B£2$e3 system at 300°K. Figure
of merit measurements for same samples are shown. :

t Usual figure of merit is defined as 32‘:—’-
[Ret. 2538]
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BISNUTH TELLURIDE-BISMUTH SELENIDE

ELECTRICAL CONDUCTIVITY (o)

[(AdJitional conductivity curves will be found in THERMOELECTRIC PROPERTIES Section]

' Temperature dependence of the electrical S?

conductivity of stoichiometric B12303 in 2 200U =TT T Y v

the solid and l{quid states. Y 3
8 :
T oo A
CE s o |
~ é \ /" i
g A - Lﬁ.q’cl A

0 b X R R T Y

Temperature (°C)
[Ref. 3528]

Both solid and liquid 812T03 and 812803 ave semiconductors, but on fusion they show
metallic typs conductivity.

t, * welting point

Temperature dependence of the electrical
conductivity of stoichiometric 5127a3 in
the solid and liquid states.

Electrical conductivity
(sta-cn) L

Temperature (°C)

O [Ref. u528]
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BISMUTH TELLURIDE

ELECTRICAL CONDUCTIVITY

Temperaturs dapendenca of

e
. slectrical conductivity as a ]
,: function of temperature tor "E 3.0 ﬁ s.i0*
single cryatal, n-typs Bi_Te.. 11
n + 1039%¢cc for three similar -33?-« i”
sampies. Conductivity normal :&L 2108 - E 2.10!
to (0001) is about 0.1 of the ] PF
parallesl conductivity. - _-g £ 5
-
— 1(»“11:1 to cleavage plance g 33 Lo 1.40f
0001) : w
~-+ normal to cleavage plane § -
{0001) 300 400 500 | 600 700
‘ Temperature (°K) ;)
{Ref, 631)
ok
— -
q} 3
" 10"—3'?"2?“
.4 '
T
2
(]
S
E Electrical conductivity as a function of
> reciprocal temperature for single crystal,
Y | . P-type Bi,Te, cut on the (0001) cleavage
i l ‘plane. :
© 0&31’-. ¢ Stoichiometric Bi_Te 0= 1uxiot¥ce.
- ® 02 % wnes B . - 273 Lt
..g .:"‘-T' Purified Bi and Ye were used.
g g |
a4 9, » s r (Ref. w07]
1/Tempareture o® exh) _
O
28
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BISMUTH TELLURIDE

ELECTRICAL CONDUCTIVITY

)

B LECTRCGNIES
P RORPERTIES

1 NFORBMATION

C ENTER

S A 2 Y Y T v l- 00
IOOOC_ TYr T Y | M | T T T r_‘ [ ;
- -4
5 4 [ '1
L . =
= W -t
- - r .
] -
g - 3 PARALLZL
CRIENTATION
oy
Ll
PARALLEL
? ' »~ ORIENTATION E— ) =0 9
% 1000} 1r 1 3
~ " e N B &
. 1 L -
'g 3 B T, RAT!O 6F | g
B4 1 RATIO OF CONDUCTIVITILS -
5 L g CONDUCTIVITIES. - 1 8
| IS J
[ & P!
i = SERPENTICUL AR PERPENDICULAR
. GRIENTATION | | // ORIENTATION
100 el A A ) S T T v PO | e A Y W S P Y
00K 1000°K 100 *% 000K
Temperature (°K)
I-doped, n-vvpe undoped, p-type

Conductivity and conductivity ratio of two types of single crystal BIQT. as a

function of tempersture.

Measuremsnts 2re taken parallel and normal to
300 slops of the conductivity ratio in the undoped sample indicates & multiple carrier

?0001). The

and lattice scatteriug mechanism at 300-700°K, whereas, the 0.2% slope in the iodine-
doped sample fyom 100-300°K indicates anisctropy due to a single carrier and multipls

scattering mechanisa.

29
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{ BISMUTH SELENIDE
: ELECTRICAL CONDUCTIVITY
| ;
i ,
' 4.0 .
{
i
: 3.0
!
; 2.0
|
I Li0® ’-‘\‘\5
{ 1 h
300 400 3500 © 600 ~
I LW
)

Electrical conductivity (colm-»cm)"1

| N S W |
300 400 500 €00

Temperature (°K)

Electrical conductivity as a function cf temperature for 512&3 n-type,
single crystals parallel to their cleavage plane, (0001). Carrier
concentrations are not specified for individual samples, n ~ 2x1019/cc.
Conductivity normsl to the cleavage plane is about 60 (ohm-cm)-l at 300°K
or approximately 3% of the parallel conductivity.

[Ref. 630)
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BISMUTH TELLURIDE-BISMUTH SELENIDE (BizTes_xSex)

ELECTRICAL CONDUCTIVITY

o <A
Electrical conductivity as a > 0 v
, function of composition in silver & . 3
iodide-dcped, n-type, polycrystal- ,é . 2 z
line samples of the Bi Tes-Bi.?Sea £ § 4 300 o~
system at 300°K. The mixed crystals © é ot SN0 g E
are homogeneous throughout, - . / “ o ‘
according to x-ray investigation, L~ 1 y, ot
which shows a ccutinuous decrease E% . 200
in the lattice constants with e % ',.’ o | i
increase in selenium content. a : x i

sigh, 0 2 W[40 %0 T 0 T AN
Bi,Te,Se

O ) 272

[Ref. 3867}

» 1
>
v
KAn
g < P
£ ; '
o o Electrical conductivity as a functicn
- ;’ \ X of composition for macrucrystalline
3 “o samoles of BizTe Se_, undoped, at
7~ 309°K. 3-x"x
B x ™~
3
“ Oighey (Ref. 3067)
3l
. . . .
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BISMUTH TELLURIDE-BISMUTH SELENIDE (Bi, Te

2 "3-x 'x

ELECTRICAL CONDUCTIVITY

Temperature (°K)

500 166 100
Koo Y T Y T T T
iy, %14
\ Born
772
y 6%
o o %
%l
% j o-type
. — I I ol PR [ :
b 2 4 [ [ /] 2
oy
2
& Fovrd &5 &3
] 71 1 T T T
o
5 a-type
O ¢
-
: <j
E
& o wp
: f\mj
%0/
/3
ot I . s

x ; N S S R
1/Temperature (10° °k™1)

Se )

Temperature (°K)

o 7 Y 3 ] R
-1
)

Electrical conductivitv (o'r:n-c-)-1

1/Temperature (lO3 °K

Electrical condustivity as a function of
reciprocal temperature for three compositions
all with low carrier concentrations which
are obtained by compensation. Samples are
single crystal, n-, and p-type, A) BiaTea;

B) 90% Bi,Te,-10% Bi,Se,: and C) °

BiQTeSSe.

Curves are identified by sample numbers,

however, no definite specifications are
given.

{Ref. 1048u]

O

O




e e —————

T
U

SRR .- . —— 'T
B LECTRONIC
P RORPERTIES
“5{{‘{5‘3&!&‘2‘;}2};!@“2! | 1mmc ! NESEMATION
O AR FORCE SYBTEMB COMMAND | ! ‘ C ENTES i

PREPARED BY ELECTAONIC PROPEATIES INFORMATION CENTER + HUGHES AIRCRAFT COMPANY, CULVER CITY, CALIFORNIA

BISMUTH TELLURIDE-BISMUTH SELENIDE (B"QT"s-xs.x)

ELECTRICAL CONDUCTIVITY

b 2508,
p-type 7 !
ved
§ X006
§
0 ; |
O 3
3 L
z A
1]
.§ 00 To
t L I (] L) o 1
- 19 3 i
Carvier concentration (1 atoms/cm ) i
1

Electrical conductivity as a function of free elament concentration for
variocusly doped macrocrystalline samples of 80% Bi,Te,- -20% B{ ,5¢q. Silver |
additions cause instability; Ag(2) was measured severzl months aiter ag(1).

[Ref. 2538]
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’MM

BISMUTH TELLURIDE

Q

ELECTRICAL CONDUCTIVITY

Mean Free Path

A
\\Nﬁx O

T e 0 |s'iu"7'n ]

Temperature (°K)

Phonon mean free path
{cm)

Phonon mean free path as a function of temperature in single
crystal n-, or p-type Bi2Te3, calculated from specific heat and
thermal conductivity measurements.

[Ref. 3u466]
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BISMUTH TELLURIDE
ELECTRICAL RESISTIVITY (o)
107
Electrical resistivity as a function of o
temperature for tellurium doped, n-type 1
512“3' single crystal. "
¢ -3 f.o-)
n, cm i
8 2.ux10)] 3
o 5.3x1018 20,
A 3‘0"1018 [
¢ 3.uxle [
° T 19 —
0 e 1.2x10), o A N
®  6.8x10 ' O emptrature CRY g
[Ref. 14854]
T
oK
760 280 ]
° bvingle resiettulty
; | Bg® OU6 oV T
3 =
1 % ‘\': "]. Resistivity as a function of reciprocal
~ ,.7' . « Mype temperature for one n-type, and two
E o E VAP p-type specimens of Bi,Te,. The samples
LA are single crystal, n-type have excess
4 tellurium or iodine.
" 18
$ n_ = 8x10" /cc at 300°K
-4 ‘d —* P
‘ 0 ' 4 3 e 1‘ T p-type are bismuth or lead-doped
1/Temparature (10~ °K ) 18
n_ = 5x10 /cc at 300°K,
[Ref. 262u)
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BISMUTH TELLURIDE

ELECTRICAL RESISTIVITY

Normalized electrical resistivity as
a function of pressure for two single
crystal, p-type, Te-doped Bi2Te3
samples at two temperatures. Current
normal to the rotation axis and
parallel to (0001).

T is given temperature
P is pressure
0 is zero pressure

ty

.00

ivi

!'m-r‘r_T‘]" " TT T 'l T ]Tjﬁ IY I Yﬂ
-2 o -
x - .
> - - -
S LW o3
“w = = a4 -
- v - o5
LR L v6 ]
[~] }—~ —
g = o.ao_ ]
-t 2 - ]
Es ) ]
8 g 0.70:- ]
¢ o [
T < ]
pa 0.60 —
- .

E :
o.ﬁ‘414LLlllL1LluLlllgj
01 2 3 &4 5 6 17T 8 % I

Pressuu(w3 kglcmz}

36

295°K.

¥
[ %]
W~ 090
£e R
- .
m
< 7 080 —
o .
§:: o p=i
Q 1
- " a p-2
VY &
o~ 07| a 195°%K ~
& - a 298°K
- aQ - -
~4
g 0.60 | I W VA W G S S §
S (V] 2 4 , 6 ] ] 10
Pressure (10° kp/em”)
[Ref. 18361)

Normalized electrical resistivity as

a function of pressure for single
crystal, n-type, Te-doped Bi?Te at
Current normal to rotation axis.
parallel to (0001).

Carrier concentra-

tion is lowest for sample #1, and
highest for #6,

{Ref. 183611
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.

ISMUTH TELLURIDE

ELECTRICAL RESISTIVITY

Variation of A normalized electrical
resia*tance of BlQTe3 with pre-~sure up
to 200 000 atm at 3n0°k, R is

electrical resistance at 25 600 kg/cm2
and is taken as the initial resistance.

2 108 kg lom®

Hormalized electrical resistivity
0
g

Pressure x 10° (kg/cm?)

(Ref. 160091

-~
20.0 T 1T T T T T ™

€ Bip Tay (n-TYPE)

-~ | ATMOSPHERE _|

S 800 2800 ATMOSPHEHES ]

x  eoof 7800 ]

-; 4.00 .

'g 3.00 |- 20,000 .

® / 30,000 - .

p 200} "p"‘ - Resistivity as a function of reciprocal
- temperature for Bi,,'re3 single crystal,
] . from 1 to 30 000 aimospheres.

=T U T TN T A T N T U S0 B

b 23y 27 351 335 39 43 A7 80

e 3 1 (Ref. 21112]
w 1/Temperatura (10~ °K 7)

37




AIIifOIEIiIMJIﬂUAlS LABORATORY

TICHNOLOOY DiVISION
YBTAMSE COMMAND

—

B LECTRONICG
P ROEERTIES

I NEOBRRNMAIATION

C ENTE=X
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BISMUTH TELLURIDE

ELECTRICAL RESISTIVITY

Effect of hydrostatic pressure on the
normalized electrical reaistivity of

812T03 at 300°K.

a, b: sample I, p-type
¢, d: sample IX, p-type
e, f: 2 samples, n-type

&, ¢, @, at
c, d, f, at

increasing vpressure
decreasing pressure

Piczosoefficiant
15x107 kg/cm?.

(1/R:AR/AP

o 1.0

Q
-~

% o9
E ~n

VLO et
2 L\
£ o
7

i,
o a
(4 la
= 08
£ \ L
v 9
Y oe 3
v e
§ 0.3
-t 4]
] 0.2
E 2|6 2],

Pressure x 103 (kg/cm?)

of resistivity for 1 to

s 3.5x10-5/kg em™2].

°
20 30 40 50 60 70 80 90 100

Normalized electrical

o 09

resistivity, p/o

o
®

o
~

o
o

o
o

[
E 3

CRMATION CINTER « HUGHES AIRCRAFT COMPANY, CULVER CITY. CALIFORNIA

&
% vo «4d
- » o b (N ]
. Ac of
-1 ‘ .w
]
o
VI . | [ 1
Q 2 4 6 8 10 12 2] 1

Pressure x 103 (kn/cm?)

[Ref. 1620u}

Normalized electrical resistivity cf sincle
crystal BizTo ay a function of hydrostatic
pressures of 20-95 kg/cm7 at 3007k,

3, 4, 5,

s 2: sample I, p-type
, 7: sample II, p-type
. 9 ? samples, n~-tvpe

w® N =

All curves at increas{ng pressure., except
la, at decreasing pressur .

38

{Ref. 16204]
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BISMUTH TELLURIDE

ELECTRICAL RESISTIVITY '8
Q0
; .8
Electrical resistivity of single crystal Bi,Te,
as a function of temperature at several conatant _§‘
hydrostatic pressures. > 4
-~
Sample Type Pressure (kg/cmz) ~:~: 1.2
e z
1 p atmospheric —
2 P 5 870 3 1o
3 ) 10 365 o
-
4 P atmospheric _§ o8
8 p 8 340 b
(] P 11 150 '§ a6
' 7 n atmospheric a v
- & n 8 290 0.4 s = — o
9 n 11 650 3
=Y -
0.2

o] 20 0 60 to 100
. Tempurature °C)

(Ref. 1620u4]

SC
o VALUE
i L AL T B e | '
. . R} RC.
% .8 o %00 _ RC i
N T e X T e f 800 -~
x s | g
- L 1.4 H :;‘, o 700 :‘
R |.z<§‘-_’oo. 3 00 u;
"~y
u { bk 'l - -
x 1O o 1o o 0 s e (e N
E 0.8 |- 10Y/ ¢ (miseans”!) P a " isvivity and Hall mobility of
% ol d.e¢ pr ised Bi,Te, powlers as a ‘
& ' ‘: function o gmin size at 779K,
" 0.4l \ Ho qz0 G The powders are p-type,
& ozk - 200 8 n ~ 2x1019/¢cec.
‘ [ S SR WU G S N - S.C. {s single crystal
o 400 00 1200 1600 2000 P.C. is polycrystalline
Particle size (microns) grain boundary area
r is i
grain boundary volume
3 (Ref. 8758]
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BISMUTH SELENIDE

ELECTRICAL RESISTIVITY

FURMATION CENTER

>
L3
£
Electrical resistivity as a function T
of reciprocal temperdature for K]
polycrystalline BiSa. §,_
ES
-3 v
Sample n, cm E é
9-u 2.0x102) ES
9-5 2.5x10,0 ¢
9-18 2.2x10 o
%
L. 800 230 166 125 100 °%
10 Y Y | =T 1
o}
[y
4L.

d’f"‘*--___

Electriczl resistivity (ohm—cm)

62
]
e J/ - {_“,e"
L] o e8-13 » -.-"‘———¢
*»8-13,
= ° §-28*
o6-20.4

""’g—u'—!—H-t‘t—#—#—%-.‘o—#r-m

1/Temparature (10° ox1)

40

1/Temperature (107 °K™%)
{Ref.

HMUGHESB AIRCRAFT COMPANY. CULVER CITY CALIFORNIA

3097]

Electrical resistivity as a function
of reciprocal temperature for single
crystal BiQSeS. (0001) cleavage plane.

Samglc n, cm
6-13, parallel 3.3x10ig
6-13, normal ?2.5x10 18
6-25, parallel 2.30x1018
6-25, normal 1.82x10

{Ref.

3097]
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BISMUTH SELENIDE

ELECTRICAL RESISTIVITY

Electrical resistivity of BPife alloys
as a function of Se content at 300°K.
The 2lloys were macrocrystalline. A
%:igh purity grade of gelsnium was used
with two commercial grades of Lismuth,
The Cerrc bismuth was purer than the
U.S.8. brand, although the latter was
ourified before use.

*

g

i

[1.)

b~ W ®
9 () T
-! ne \
(=]
-~ 8
r il
o
»
brod a8
e
(-]
T <
oG > 2 -
=" ‘I:-ds-'lilém‘l-‘-ﬂkr--—;g:u

1/Tewperature (103 ox’})

PRIPARID BY KLBECTRONIC FAOPENTIKS INFOAMATYION CENTER ¢ HUGHES AINCRAFY COMPANY. CULVER CITY, CALIFORNIA

Resistivity (ohm-cm)

>
<
L

F »

Weight (% Se)

[

[Ref. 12851]

Electrical resistivity as & function of
reciprocal temperature for single crystal,
n-type 818803, parailel (0001). Tempera-

ture in °C is also given.

[(Ref. 7839]
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BISMUTH SELENIDE A
ELECTRICAL RESISTIVITY °K
-3 -, 1000 500 333 250 200 (66 143 (25 |11 100
Sample n, cm remarks LY T T T T T T T 711
1 0.08 — -
1-1 0.25 -
2 1.0 |
3-6 2.1 zons melt {
4 22.0
4-3 52 ‘
4.5 16 !
4-3 1200 ‘
&4--30
5 2.44
5-2 < |
5-8 9.0 a
5-9 a.o | .
5-30 3.20 single crystal S _)
6 single crystal z
o
6-13 3.3 para.lel 4 ;
2.5 norral E 1
6-14 0.598 w p
6-14-1  0.74 & 1
6-25 2.20 parallel, i
single crystai 1
1.82 normal
7 1.5 0.077% In-doped 4
7-5 8.6 1.2% In-dopsed |
8-3 6.28 1
10-28 0.01% Cu-dop~A
10-29 0.1% Cu-doped {
! | S . |
Qo 1 2 3 4 L] 6 7 8 9 10
1/Tomperature (10° °k™ %) ‘
P. Electrical resistivity as a function of reciprocal temperature in single and
] polycrystailine Bi,Se,. ) D
: [Ref. 3097)
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BISMUTH TELLURIDE-BISMUTH SELLAIDE (Bi,Te,  Se )

ELECTRICAL RESISTIVITY ﬁ
8 . 800 260 128 008 :
é es '0- B R, Alloy (0S) | !
| S o- Bighy -3 % BigSey 2.26% Our | '

S e N x- BigTo, -10% Bi, Se, x.26 % Cubr]

© 8 a- Bi Te, 1% B :
'S ‘

‘ x '9 \

B 7 TN

& a
& A
: NN
~ 28

~ 2 \
S N
“ ml - )
& e
17 h H
5 W= "s T3 4 067890 B 202630 .
1/Temperature (10° ox 1y

Electrical resistivity as a function of temperature for two

BIQTca-Bi?Sea alloys, also two 812T03 samples, one iz n-type,

the other is p-type. - :

(Ref. 15503]
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BISNUTH TELLURIDE

ELECTRON PHOTOEMISSION

T2 s

1079 : }-—--—j | 5 o , \:)

i

17, v 3
45744 48 82 B3 60 €4

Electron photoemission (elactrons/photon)

Photon energy =V}

Electron photoemission yleld as a function of photon enersy for
freahly cleaved single crystal 512T°3’ {v0vl,. at 300PK and fields
up to &~ 5 volts.

{Raf. 493}
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BISMUTH TELLURIDE /
ELECTRONIC SPECIFIC HEAT (y) {
Symbol Value Sample Test Msthod Temperature Ref.
¥ 17t BxlO'sjoul/dogzlg-atom macrocrystalline specific 1,37-65°K 7764 1
p-type heat .
!
S
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BISNUTH TELLURIDL

0.3%
ENERGY BANDE ‘
0.30
Eifect of pressure on enargy gap for 0.28
p-type, single crystal b.,Te,, (oo0l). )
a) Meagured by the hirdroutatic method; o
b) data from [Ref. 211127. Although & o020 ‘
the slope remains fairly constant the a
absoiute values vary, due possibly, to )
daformation during experiment. EG ous ‘
Sample 1 and 2 are cut from one single & t
crystal, 3, 4, and 7 from another single i
crystal. .10 \
005 \
i
‘i
v} 10 20 30 40 30 €0 ‘
Pressure (kbar)
Ref. 16204] i
0.8; L] L 4 v
BiaTey(n-TYFE)
1N 1 1
~ ™
% Shift in snergy gap with pressure in n-type, {
~ eingle crystal Bi,Te,, n 1017/ce. At 1
& o . 1 atm. measurements were made from 199-393°K.
o 4 i At higher pressures, 300°K was the lower
E temperature limit.
ot

°‘i 1 ~¥ *z.zr

Fressure x 10" {atm)

(Ref. 21112)
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BISMUTH TELLURIDE-BISMUTH SELENIDE (312T°3~x5°x)
ENERGY BANDS
8} NG
, (oo (20+2,)
TA and TD are degenerate. Five bands nearly i
horizontal across the I'Z direction are assumed. ot Ty (2]
They show small energy differences at I and 2. 6r !
rs(rl) characterizes the I'_ states arising from

nondegenerate states of the single

The schene explains the occurrence

Broup.

of the

satellite peaks In the reflectivity spectra

+—— ENERGY (eV) —

of the alloys as the energy distance of a r' z:
certain gap at I and Z increases and resolution 3t *
in the spectra becomes possible. L
2 b (r,’ SR ORE (Z:‘Z"
Derived from refloctivity data at 77-300°K PO s
on single crystal Bi T 8128e3 and poly- |
crystalline alloys o; taese two compounds Hh*ﬂ. i)
in varying proportions. (A;’A4)-\__<:"_._ T z (Z,)
-—-—'-—""‘\
Gerd]|  @ead RN &
n«\\\\\\\\\\\w
-1+ ooy L
' $ Y (Ze+2)
{25+ 02)
2 .
AD Q ra 2
CI0QI0) <000 Gy

[Ref. 22y68]

"In Bi Tc the aur faces of constant energy are almost spheroidal and are highly
canprcssca in a direction nearly parallel to the three-fold axis of rotation of the
crystal.”

[Ref. 2360)
“"In bi_Se, the surfaces of coustant 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,_Te Sex)

ENERGY BANDS

2 7 3-%

canductivity bare

denor level
ovsitiary mérrow
~" comductivity bBond

Z LAl , ZQ,

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
to the narrow conduction band. As the narrow band is filled,
tus conductivity increases. As a consequence of 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 sign change in the Hall field and the therwal emf.
Since the energy g3p is smaller for the telluride than the

mixsd tellurile-selenide, the narrow band for the bismuth
telluride possibly lies nearer the conductivity band, with the
result that the saturatlion effect in the electrical conductivity
is covered by the intrinsic conduccivity.

eAvsag s aacumonpoa AN

(Ref. 10384]

HUGHES AIRCRAFT COMPANY CULVER CITY, CALIFORNIA
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BISMUTH TELLURIDE

ENERGY GAP (Eg)

Value(aV)

0.16

0.171

0.24

0.16%
0.18

0.13

0.4

0.15%

Sample

single and macrocrystalline,
intrinsic (iodine compensated)

single crystal, n-type, n 1017/cc

single crystal, p-type, cleavage
normal to c;sxis (0001)
np = 1.4x104%/cc

single crystal, highly purified
single crystal, less pure

n- type, na=3 and 9xlOI7/Lc,
p-type, n = 3 and ux1028 19
rone refined, p-type, n = 2x19”

single crystal, p-type, intrinsic,
parallel (0001)

single crgutal, p-type, (00Gi)
n = 5x1017/ce

single crystal, highly purified

valus for purest material

50

* HUQGHES AIRCRAFT COMPANY CULVER CITY CALIFORNIA

Test Measurement

Temperature Ref.

electrical %K 2595
conductivity
electrical 00K 21112
resistivity, .-30 000
atm., 199-393°K
electrical 0°K 407
..J‘

optical 77°K 2866

" " 2866 !
ajecrrical 77-3758°K 801
optical, 300°K 312y
A = 8-luyu
electrical 300°« 10535
conductivity
optical 300°K 2866
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BISMUTH SELEN1DE

ENERGY GAP (Eg)

e

HUGHES AIRCRAFY COMPANY, CULVER CITY, CALI*ORNIA

Value (eV) Sample Test Measurement Temperature Ref,
0.278 polycrystallins IR trangmission 300°K 2785
0.3% single crystal IR optical and 300°K 28€5

transition
0.40 " " 77°K 2866
0,36 single crystal, n-type, parallei electirical > 750°K 7839
(c001), Raook ® 5%x1047/¢cc
c.23 polycrystalline, n-type elec. resist. 0°K 3097
0.2 " optical akn, at 1-Byu
0.4 " alec. resist. 3097
e o

BISMUTH TELLURIDE-BISMUTH SELENIDE (Bi;Tﬂa-hse,)
ENERGY GAP (Eg)

single crystal, doped or

compsnsated, 9 € x < 1,

Therwzl (2V) Optical (evV) (low conductivity)

0.16 .15 512703 slectrical 300°K 10984
' l

0.22 0.30 512T17.7S¢°.3 l l

0.32% 0.30 ngzreas. lo984

S1

s s et o e o oot

A ottt Z




I —— e

g

E LECTERONIG

y
REISEARCY ARD TRCHNCLOOY D
AIR FOrCE JYBTEMB CON

AIR FORCE BATERIALS LABORATORY f

| NEORNMATION |
C ENTES O

-

} R RORERTIES
|
|

FREPARED €Y ELEACTRUNIC PROFERTIE, INFORMATION CENTEM ¢« HUGHES AINCRA T COMPANY CULYVER CITY CALIFORNIA

BISMUTH TELLURIDE-BISMUTH SELENIDE SYSTEM

ENERGY GAT

Absorption edge as a functlon of
composition in ainkle crystal

samples in ths bismuth telluride-
bismuth selenide system. Incident
illumination normal to (0001) cleavage
plane.

Categy B3od Goy (€v!
%
\:::\
7

1 \ / 1

N1-1r—1r-*r—nr-ﬁr—ﬁ-—n“‘w—“ﬁ'ﬂl
el & Big g in BpTay

52

et .

(=
[
T

ABSORPTION EOGE IN ByYe,-BySe, SYSTEM
e gorrqctad for degensracy

2

TN,

wg——m—0= uncorrected
...... Ausan ond Sheord

PHOTON ENERGY {eV) —=

l:
)
| 4
i
!

I TV QU USRI SRR S SR S 1
] 20 0 6C 80 100
Mol % BigSeg i By Te, —

(Ref. 224681 1
|
1

Energy pap as a function of composition
for single crystal sample. Data taken

by electrical resistivity measuremcnts,
parallel to (0001).

e Miiler et al. (therwmal) [PRef. 15551] .
6 Smith et al. (thermal) [Ref. 7333) :
0 Black et al. (optical) [Ref., 2865]
4 Austin an¢ Sheard (optical)

FRef, 2785]

(hef. 15551] l~)
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BISH! )

T! TELLURIDE-BISMUTH SELENIDE (Bi,Te, Se

i f ], E LECTRONIS

: P RUREBRTIES |

& MR mR ;;:I: a LA - r T e M e s s

b e e gy I { | NEDRMATION 5
P4 ) |l & ENTER | .
g | ]
%

?
ENERGY GAP i

T
4

-y

' _
. 0¥«
.
5 0 23ev .
y S % |
. 4 o
. I ~ MAMM £ OF .
A %’ o O3iev AT N
y c [ UqTe;.S5e0 0 .
o . v oL 0 20e l
g 3 |
. &
. @
N » :
. - (2]
E o l.'x'r{'—
. . E A OF To AT ¢ =
) i IN FORMULA 5.0 28 20 13 10 03 00 E
v s 8, Te, B Te,Se BiyTeSe, BiyS¢,
Energy gap as a function of composition for BiQTea—Bi2Se3. T
Samples were polycrystalline and purified. A single hexagonal - LY

phase was shown with slight point-to-point inhomogeneity in samples
with over 16 at.% of selenium.

(Ref. 2785])

53




LEGTRRORES
RQPERTIES
NIF@ M LTI R
ENTERR

AIR FORCE MATERIALS LABORATORY T

[T
RESEARCH AND TECMNGLSGY DividION D
AIRFORCL BYSTEME COMMAND

PRIPAKED BY ELECTRONIC PROPERTIES INFORMAT ON CENTER ¢ HUGHE® AIRCRAFT COMPAMY CULVER CITY CALIFORNIA

n-"um

|
|
I
!

BISMUTH TELLURIDE

ENERGY LEVELS

Symibol Value (eV) Dopant Sample Test Method  Temperaturg Ref.

.

. deformation for

Em 0.5.-0.7 [i vacancies single crystal, elec, resist, 300°K 5830
and p-tyve
E 1,09-1.1 Te vacancies " " " 5890

E 13 an activation energy for vacancy motion arisine from plastic deformation which
introduces defects that change p-type material to n-type.

Oxyger and copper act as denors.

~0.u Ge macrocrystalline, electrical 300°K 15813
normal (0001), conductivity
n = 2x1035/¢cc

Stoichiometric Bi. Te is always p~type, but excess Te or halogens change it tc n-type.

4 M roduces an n-type material. 2595

The very high diffuszon rate of copper in Bi_ Te

lodine acts as a donor in 3i Te3. Tin apparently is associated with a trapping level
at 0,01 eV as is seen from Hall measurements between 77° and 200°K, 8730
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Symbol Value (eV) Sample Test Method Temperature Rer.

ED 0.09CB single crystal, n-type, resistivity 125-350°K 7839
parallel (00?%), and Hall
Mook © 5x101//cc

0.01% Bi 03 added to Bi Te? qs 0.6 polycrystalline, u-tvpe, n ~ 101 /e, causes a 40%

decrease in conductivity, but no change in thermal emf. Furtker addition has no
effect on conduction. 4382
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BISMUTH TELLUKIDE-BISMUTH SELENIDE (BizTes_xSex)

LNERGY LLVELS

Cnmpooi'iun ( =FEco
mel % Thickness [ st JOO'K
BuTes  BuSe (u) (wVideg) Typc (24 (eV)

—_ 3 253
—_— 17 253
10 20 217
10 31 217
20 8 229
40 30 224
30 40 — 240
21 —240
49 38 —213
50 29 -153
60 39 - 148
79 21 -120
80 15 -$J
9 3 -91
25 -66
18 -£55
25 -7

'y

I'u
{e\}

_—
T
—

0145
0203
v 207
0 240
0 2%
0299
0 2575
029§
0-278
0-202
01253
Q248
0 244
0 241
0 250
0-245

TTTODSY

SO NN C I

PANNARLLLLL LG N®D
O LN o

’ aaazra=
2&-'::8@\:‘»-.-—@@_‘,.

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 30C°K. 1Incident light is both normal and parallel to the (0001)
cleavage plane.

is the thermoelectric emf

is the reduced Fermi level and is deterined
from thermoelectric data

is the energy gap deteirminsd at the wavelength
corresponding to an interband contribution of
Kint = 600 cm~t

Ag 1s the incident wavelength in wicrons

The energy gap values are also corrected for degeneracy.

- [Ref. 22u68]
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BISMUTH TELLURIDE-BISMUTH SELENIDE (312Tea_x32x)
ENERGY LEVELS

T 290, - ‘!
Elecirical coenductivity as a function of dopant ,‘ ;ﬂ": o sl |
concentration in polycrystalline Bi,Te a.9° LIy g '
The dopant js added as either silver, i éine or > 00— At I
the silver lodide; the increase in conductivity -l e l
is cumulative. In the case of the leaa, leau oo L Ra ;
iodide or iodine additions, the iodine produces 00 |- g |
n-type material, whereas the lead yfelds p-typr, ol I . !
resulting in a compensating acticn for the lead al'::“ S, o0
iodide. S o N I T I N W S S

- -] 0008 (-1 ] (.11 ] o o0 002

KUNBER OF OOPE AMIORS OA CAliONs 1N MOLECULE

(Ref. 316}
 v00
H §
\' seo - Ve R
- TO8 i~
POy / Electrical conductivity as a function of
s08 |- / dopant concentra‘_ion in polycrystalline
oo |- BijTey 1509
s |
e *3g—0 [Ref. 316]
g o0 ""' o
‘e YT THCC T
BUMSEA OF DOPE ANIORS OR CATIONS W MELECW.E
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BISMUTH TELLURIDE

HALL COLFFICIENT (R“)

Hall coefficlient as a function of reciprocal
temperature in single crystal, n-type bismuth
The current and Hall voltagc were

telluride.
p.rallel to the cleavage

magnetic field was perpendicular to the

cleavage plane,

e

3d

Hall coefficient (cm™/coulomh)

plane, and the

)
Sample n, cm "
D-13 ax10l”
D-5 ax10Y’
oC
e L
£-Type ]
oo
rr telluride.

Hall coefficient (cms/coulomb)

l1/Temperature (103 °K

58

'frdﬁi*—t—*i % T

1/Temperature (103 °K-l)

e £
{ Ref.

Sample E_z_cm_3
! D-u 3x10;5
-1 D-7 leolg
) Zone refined sample 2x10
(Ref.

9.1y 1
ouUly

Hall coefficimnt as a function of recipreocal
temperature in sinfle crystal, p-type bismuth
The current and Hall voltage were

e parallel vo the cleavage plane and the magnetic
field was perpendicular to the cleavage plane.

801]
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BISMUTH TELLURIDE

HALL COLFFICILNT

~ oK
L WA $0 33 R 20 7
5 T ™1
Hali crefficient as & function of reciprocal 3 | l L
tenperature for slugle crystal, n-type Bi?'rca. (\“ f‘_"
Te-doped. = ol 1 ‘ - S
-2 § i l
Svmbol n, cmlT - i ~4J
8 2.4x1077 SRR g pow SRS S O
O 5.3x1018 o -
s 3.0x10;4 E
) 3.‘0)(1019 8 I
° 1.2x1019 o ° , —{
a 6.8%10 - | — A
po w < .
° no dats given e 3
. I/Temperatuie {137 "K 7}
oK [Ref. 1u854]
1 333 200
3 =
-
~
g -~ ¥
U
S
x4 =1
B 10—
ot
&
-
o . Hall ccefficient in stolchiometric and 0.2%
b ,4 excess samples as a function of reciprocal
§ temperature for p-type, single crystals, cut
10° + parallel to (0001) cleavage plane. Measure-
= i ments were made at & k5, n = 1.ux1018/cc.
.'E 0 BiyTe,
® 0-Z % excees B: [Ref. &%07]
Q@ 02% onis Ts
The dotted corwe w from
e Meore kol coicuiaton
- 1 -
IO| 3 S b4
3

1/Temperature (10 °k-l)
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BISMUTH TELLURIDE

HALL COEFFICILNT

|
) a3
uample n, e at 290°9K mg
o 1 - Ll
0 2 - ‘E t
o 3 - g s .
| L normal B.:‘xlole o
v 5 parsllel 8.2x10 bl
4 6 - uw
x 7 2.9x10? & M
gyt

+ 8 - -~y C3) M -

—-{

e

o
~
LS
»
2
L=
<
et —— . . T W D, 7ot

f I U (S SRS N NN E W SN SN U T S S |

Temperature (°K)} '

The Hall coefficient as & function of temperature for zone purified, p-type, single
crystal BiQToa. A) indicates the p,,, tensor componeat: B) indicates the 123

tensor component, except 4 which is the transverse component. All samples cut
parallel to thea (0001) cleavage plane.

{Ref. 2984]
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BISMUTH TELLURIDE

HALL COEFFICIENT

Hall coefficient as a function of
field for single crystal, p-type
g &% 160 kG and 2 temperatures.

Field {s parallel or norma! to (0001)
cleavage plane.
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T

i
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Magnetic field (Oe)

[Ref. 11903]

Hall coefficient as a function of angle
between fleld and current at 779K, in

single cryztal, n-type BEi_Te

with high

iodine doping, ¢t parallel to (0001)

cleavage plane.

+ data for

fleld normal to (0001)

o data for field parallel to (0001).

[Ref. 19045)
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HALL COEFFICLLNT

lal)l coefficient as a function of carrier concentration at 300°K

for macrocrystalillne B£2Te3. Lead-doped gamples show steady de-

crease, whereas Ge-doped material has a maximum at 2x1¢
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MATION CENTER o MUGHLES AIRCRAIT cOMPANY CHLVER L 1Y CALIPOPRNIA
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§ g £ 63

WAL COEFFICENT (297 /Zououe)

T

3

. 1]

1/Temperature (103 °K

L0

_l)

Hall coefficient as a function of reciprocal temperature for BiQSe3
n-type, single crystal, parallel to cleavage plane, (0001).
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BISMUTH SELENIDE

HALL COEIFICIENT

Hall coefficient as a function of
reciprocal temperature for single
crystal BiSe.

Samglg n, cm
1 2x1020
2 2.5x1020
3 2.2x10
°K
—~ o0 BOU 200 100
g 1T 11T 1 1T T1rvT
3
o 10F -
m& s}t
5 8
t’ 3
§
el
o et
W
F
o I\
-y
-
b
t"f"*"iF'i"{f“"+""‘b"*f’f

1/Temperaturs (10® ex ™Yy

6t

Hall coefficient (cmalcoulomb)

o=\
o ~2
2 =3

1 A I 1 L

1/Temperature (0% ox”

oK

1 1 i
2 3 4 8 6 T 8 9% 10 .
1y

fRef. 3097]

lall coefficient as a function of

n-type Bi,Se

2773
-3
Sample n, cm
o leﬂi;
[ 7%x10

reciprocal temperature in single crystal,

(Ref. 3097]
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BISMUTH TELLURIDE-BISMUTH SELENIDE (BizTe 3-xSex)

HALL COEFFICIENT

iﬁ A

]
[JIAN
/

o
c¢BR8s

BiT73'0 20 30 40 50 GO0 70 80 90 BiySe,

0.6
0.8
o4
0.3

0.2 AN

Q.)

Hall coefficient (cmalcoulcmb)

BigTe, 10 20 30 40 50 60 70 80 90 B Se,

Atomic % Bi2Se3

Hall coefficient as a function of composition at 300°K, in single
crystal 312T33-812893 mixed crystals. A) is undoped, B) is silver
iodide doped.

[(Ref. 3867]
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BISMUTH TELLURIDE

IRRADIATiON PROPERTIES

Kall coefficient and electrical resistivity
before and after 300-hr Co®0-gamma radiation
as a function of reciprocal temperature for
single crystal, n-type Bi Tes, n ~ 1018/cc.

In n-tyge samples the mobility reaches
8500 cm4/V sec at 77°K after proloaged
irradiation; in p-type, the mobility reaches
7500.

4, o before irradiation and up to 200 hours
irradiation

i, @ after 300 hours irradiation.

Hall coefficiant (cm/coulomb)

Electrical resistivity (ohm-cm)

1/Temperature (103 °

[Ref. 16462]

|

MRS N A RN Tty e it e

Electrical resistivity, x 10'" (ohm-cm)

Temperature (°C)
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PSP B

Electrical resistivity as

a function of temperature

in n-type polycrystalline
| Bi,Te,, irradiated by both
! thermal and fast neutrons .
I to an integratsg
flux of 1.5x10 neutrons/cm
and 1.6x1019/cm? flux of fast
(> 1 meV) neutrons.

thermal

o BiQTe3 irradiated without

cadmium shield
sample after annealing
o - unirradiated sample i

J

{Ref. 2737]
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IRRADIATION PROPERTIES
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Temperature (°C)

Electrical resistivity as a function of temperature for p-type polycrystalline
bismuth telluride, irradiated at about 33°K by both thermai and fast (> 1 meV)
neutrons. Total fiux 1.5x1020 thermal neutrons/cm? and 1.6x1019 fast (> 1 meV)
neutrona/cm2,

¢ unirradiatad

A © run 1, cadmium shielded
4 run 2, cadmium shielded
® p-type, urirradiated
B p-type, irrasdiated without cadmium shield

+
>0

p-type, irradiated after annealling

(:} [Ref. 2737]
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IRRADIATION PROFERTILS

e PEE-PIAATION (22!
2 D0 Rr RTATIAT ON (3
(3 30C N PTIDRTON (4r
("2l L EN S

e

1
I
i

1y

stivi

5

Change in res

ATCN *op)

100 nr IRRAD.ATION
200 N IRPADIATION
300 hr IRRADATICN
00 S IRRADATON

a0

(3]

eo

Angle  {dep)

Q 140

160

Magnetoresistance as a function of angle between current and magnetic

field for single crystal, n-, and p-type Bl

CobC-gamma rays.
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3 Irradiation was with

Initial carrier concentratxon was 1018 to 1019¢em3

[Ref. 16462]
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Comnarison of Seebeck coefficlents as a function of teuperature in p-, and
n-type, pclycrystaliine bismuth telluride samples unirradiated and irradiated
without the cadmium shield, but subsequently annealed by slow step-wise
heating to ~ 400°C,

) °® p-type unirradiated sampln
0 + p-type irradiated unshislded sample after annealing
® n-type sample unirradiated
+ n-ty, e irradiated unshiclded sample after annealing

[Ref. 2737]
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MAGNETIC SUSCEPTIBILITY (x)

Symbol Value (cms/g) Material Samrle Temperature Ref.
X -0.402x10”° Bi,Te, polycrystailine, p-type 130-500°K S1Bu
‘6 [} L1} tt .
-0.410x10 5184 :
|
}
i
g
FS
o
Q:“-ow
Ta . 1 Bl
£C o
— %;._‘O.Al 0 L] »—!.:!ei k R
Y 0 166 200 300 @00 500 600
(2]

Temperature (?K) .

Magnetic susceptibility as a function of temperature

for polycrystailine, n-type 812Se3 and p-type BxQTe3

[(Ref. 5184]
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MAGNETOLLECTRIC PROPERTIES (AD/po)
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The five strong magnetoresistance coefficients are shown as a function of tempera-
ture for single crystal, p-type MzTea' parallel to (000l) cleavage plane.

n=s Bxlolelcc
[Ref. 2984)
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Magnetoelectric resistance coefficients as a oo ]
function of magretic field at 77°K for single g 9’ ot |
cryatal, n-type Bicha. in (0001) cleavage plane. i
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Mapnetic fleld, HZ (0e)
[ (Ref. 2360]

—— Magnetoelecrric resistance as a function of
w angle at 77°K for single crystal, n-type.

L oy oa - r] 5] - e L
highly I-doped Bi,Te,.

—

(A) @ field normal to (0001}

e e e T e 00 (B) o field is parallel to (0001)
[Ref. 190u5)

Angle with magnetic field (°)

Magnetoslectric resistance

L

3

Magnatoelectric resistance as a function of
field at 77°K for single crystal, n-, and
p-type B{ 7‘3‘ cut parallel to (0001) cleavage

“
plane. Slivhtly iodine-doped samples deviate
from linearity.
]
X } p-type, undoped b
[ J I

[ -
» “ ] ] [ ‘J
Magnetic field, H? (kOe)
[Ref. 3215]

Magnetoelectric resistance Ao/oo
-

e +

‘ n-type, lodine-doped

increasing I content
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F <140
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v !.0/ § 110
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§ 3ol » 5 00
Y] 4]
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™ § 140} 4
[o]
g 201 ~ :
4 N [
& 8 %3|20 8
3 x
OS50 B0 o l 1 3
50 100 030 €0 90 10 130 180

$ (Angle between Hand J) ¢ (Angle between H and J)

The
n-typs, cut on (000i) cleavage

Magnetoresistance as a function of angle between current and field at 77°K.
two samples (A and B) of Bi Te3 are single crystal,

plane, n = 3x1018/cc

For samplo A, field ix 6030 G; for sample B, it is 975 G.

I Field is paraliel (0001)
I] Field is normal (0001)
(Ref. 17748)
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BISMUTH TELLURIDE

MAGNETOELLLCTRIC PROPERTILS

n-type

F
N
1.4
. G (arsmder)
T
o
.
D
/s

SER AN

..j.
..,}?
=

%

Nernat coefficient a3 a functfon of tempsrature for singie crystal, n-, and
p-type Bl?'ra3 for fields parallel and normnal to cleavage plane, (0001),

4 x, Q1 is the iscthermal coeffjicient

® o, Qa is the quasi-adiabatic coefficient

S ——— e st 3 =

-

i o

'g 'é - /}3

%5 ol e [dof &
8

€ ~ _

[ 5]

(Ref., 3360,

Ettingshausen coefficient as a function of
tenperature in single crystal, n- or p-type

812703 Me¢gnetic field is normal to (0001)

cleavage plane.
RS is p-type
R9 fs n-type
{Ref. 3360]
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BISMUTH SELENIDE

MAGNETOELECTRIC PROPERTIES

Units
Sample A B
Temp,
°K) 4.2] %

Obs. | Oba. ]cuc.
i 3 3e] 548 X1 (b Nem) o in (ohm-cm)™1
::: - 3?;3‘ ?g x10* (ohm)~Kcm)(coul) ™! RH c? (cm/chm2 coul)

-- 0.7 . ~ V-2 3 3 2

M - 4.8 (1).;2 X 13" (ohm)~Hemcou) R.2 0° (cm®/ohm” coul®)
it ~24.4 10 H
un - 0.1 ]0.20
“nn — 0.8, ]0.47
L™ - 1.4310.6
cun - 0.53}10.12
o + 16 117
n/rm + 59 147 15%
emleas [+ 5.2 1 4.9 |5.3%
eun/oun |+ 0. 0,012 0.045
Can/ous [+ 0. 0.17 ] 0.202
opnw/um [+ 0. v. 0208 0.0486
cmi/onw |+ 0. 0.047] 0.0344
ass/ryw |+ 0.058 0,06 | 0.0590
wenfnn 14+ VUZR 0,910 0,041
swen/oim |- O.Wq 0.17 | 0.0930 Experimental arrangements. H the mag-

netic field, I the electric current, & the three-
) fold axis, @ the two-fold axis, M the axis
along the mirror plane and @ the rotatory angle
of magnetic field.

Experimental and calculated magnetoelectric coefficients of single crystal,
n-type Bi2Se at 4.2°K., Sample B data from {[3350]. Calculated data is derived

from an ellipsoidal six valley model for conduction band minima.
(Ref. 120u46]
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BISMUTH TELLURIDE

MOBILITY (y)

Value
Symbol (ch/V sec) Temp. coeff. Sample (single crystal) Temperature Ref.
by, 4600 n-type, I-doped, n = 2.07x10*%/cc 779K yug7
= -5 - :
P9k 6,.57x10-°> ohm-cm f
|
-2.3 - _ 19 o s
v, 260-1000 T p-type, n = 1.4x10" "/cc 300-140°K 407 i
i
u 1250 . n-type 286°K 2360 |
o 1.67x10" 7168 150-300°K !
W 330 300°K 2360 i
P ;
19 o W
v 800 p-type, n = 10" "/cc, 300°K 2866
n p = 1.6x10-2 ohm-~cm
¥ 400 " " 2866
p
u S40 n-type, excess Te £ I 300°K 2624
r : n = 5x1018/¢cc
u 400 p-type, e§gess Bi £ Pb 300°K ?62u
: - np = 8xi0-%/cc
-3
n, cm
¥y 310 ax10t” n-type 300°K 801
u4d
b ‘
¥y 240 ax10%7
| 330
“p
o 10 oxi0t? p-type
v %30 3x10® I
" 680 x10'8 801

76




i fr— B LEeTReNIG
P RORERTIES
TRyl o 7 aPIC I NEOBMATIGRN
r AIR FORCE BYSTIEM OHMAND | J L c EE!\\\{}?E@

PREPANED DY ELICTRONIC PROPERTIES INFOAMATION CKNTER ¢« HUGHES AIRCRAFT COMPANY, CULVER CiTY. CALIFORNIA
?==================iiiiiiiiiiiiiiiiiiiiiiiiiiiiiilnillllIlllllllllIllllIllllllllllllllllllllllllllllllllll

: BISMUTH TELLURIDE

E MOBILITY
i 2 Value
’ Symbol (cm®/V sec) Temp. coeff. Sample Temperature Ref.
i
E v 400 single or polycrystalline, 300°K 631
F n n-type, parallel (0001}
i 10 normal (0001) 300°K
P up 73 parallel (0001) 273-560°K 531
t

u 350 macrocrystalline, p-type 300°K 3867

n (undoped)
| u 265

P 19
(:) uy 350 AgI-doped, n = 2-16x10 /cc
b, 149-18% Sn-doped, n = 3-33x101%/¢cc 3867

% Hole mobility decreases with increase in Sn-doping

u 280 single crystal, p-type, 300°K 10535
P p = .055 ohm-cm
E ¥p i teRb s 510t e 4-250°K 10535
. p 515 single crystal, p-type 290°K 3207
up 77198 " " 77-290°K - 3207
1 8 ,-2.3 o
! ") 1.2x10° T single crystal, p-tyne 140-300°K 407
P . n = 1.4x1019/¢c
‘:i single or polycrystalline 150-300°K 2595
(0001)
" n T:i'zs n-type
u; a T p-type 2595
77
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All l"DlCE NATERIALS LABORATORY

et PIC | NEORMATION ||
C ENTER )
|
|
5 BISMUTH TELLURIDE
r MOBILITY
r 2 Value
Symbol cm /V sec  Temp. coeff, Sample Temparature Ref.
| Sample
u ~ T-l'78 polycrystalline, CuBr doping 80-600°K 14525
n yields n-type, n = 2-20x1019/cc
v A 172212 pp-doped yields p-type, " 14525
P n = 2-10x1019/¢ce
u l.BxlO5 (max) single cr;stal, Te-doped, 4, 29K 14854
n = 9x1017 fce
u 28 5= 2.ma0! 4,2-250°K )
-2.7 -
T2 s.3x10t”
7772 3.0x1018
3.ux101®
T-3-70 1.2x00%°
p-1.31 6.8x10>° 1485L
f v is electron mobility
! "p is hole mobility
|
O
| 78
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BISNUTH SELENIDE

MOBILITY

Value

Symbol cm2/V sec Temp. coeff,

L 700

“n 600

u 300-500

O v 102

T-.S
T-l.S
T-3

b 442

BI1SMUTH TELLURIDE-BISMUTH SELENIDE
in 22,

0.5

1‘:) 150

Sample Temperature Raf.
macrocrgstalline, n-type, 300°K 2538
n ~101¥/¢c
single crxstal, n-tyne, 300°K 2866
p = 5x10~" ohm-cm, n = 2x1019/¢c
single crystal, n-tgpe, parallel 300°K 630
(0001), n = 2-4x1019/ce, p = .001 ohm-cm
normal (0001), n = 2-ux10"%/cc 300°K 630
o = .02 ohm-cm

- (-]

parallel (0001) 130-300°K 630

" 300-500°K

" > 500°K 630
macrocrystalline, n-type, 300°K 3867
AgI-doped
75% BizTe -25% 8128e3 AgI-doped 300K 21023
film annegled, n £ 175x1019/¢cc
p ~ 10~% ohm-em
film not annealed, n = 2.9x102°
p A .01 to .3 ohm-cm
bulk, n = 10'%cc, o = .005 ohm-em  300°K 21023
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BISMUTH TELLURIDE

MOBILITY
.ol
" Electron Hall mobility as a function of 3 . 1
| temperature in tellurium-doped, single ¢ .
: crystal, n-type bismuth telluride. Samples -~ 10 - .
designated by solid symbols are more o~ r—— _} 1
. homogeneous. §
; k] —
-3 o \\ [
; n, cm w0t
| 17 =
! & 2/ux10y, b ]
i O 5.3x10), § —
! 4 3.0x107¢ i 1
; 0 3.ux10 g
o A U o ' \
i ® 1.2x1019 b ‘
! [ 6.8x10 ) | 1
0! T
7] 100 1000
Temperature (°K)
[Ref. 14854}
|
I e » 1|
, (7]
; > 3
! o~
' »
| Ui
1 - -188
l E 2 }<_—'
od
..g re — '
, [ Electron mobility as a function of temperature
l e ¥ — in single crystal, n-type Bi2're3. cut parallel
| E ’ \L to (0001) cleavage plane. Nk = u.8x1018/cc.
! b -
; g X b= 1.67x10" 77288 (from 150-300°K)
! S B T TR A
!9( tor) (269 (e (0 (331 (w6?) \log Temperature (°K)

Temperature (°K)
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BISMUTH TELLURIDE

MOBILITY 200
S0~13 3007 em-d
oD0-8 0" cm”’
100 |-
Hall mobility as a function of temperature in - h-tree
n-type, single crystal bismuth telluride., The ~ ro}
Hall coefficient was measured with the current § -
parallel to cleavage planc and rmagnetic field > i
perpendicular to cleavage plane. The resistivity o~ “r
was measured parallel to the cleavage plane. g . 73
No 2004
Ll
®
a 1048
2
o
N
-y
4 4=
£ a8
[ 33
00
' g} 0-7 4% em? : . E.d
o © p~-4 20%cm? $3
. o L Temperature (°K)

? Vo {"af. 801]

L2
L

Hall mobility as a function of temperature for
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
reaistivity was measured parallel to the cleavage
plane (0001). D-7 was very inhomogeneous.

{Ref, 801]

~
LAMN SN SEN B ga ay

Hall mobflity x 102 (cm?/V se
o

Temperature (°K)
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BISMUTH SELENIDL

MOBILITY

3
%
Yo}
X
3
g
~ L5 _
vl )
) \v)
x
&
—
a0
34 25 log 7 15 20 25 log T
0o s °x 100 ME ox

Temperature (°K)

Mobility as a function of log temperature in polycrystalline Bi2Te3. n-Type

is CuBr-doped, p-type is Pb-doped,

: experimental
o e calculated to include impurity scattering
‘ - -
f n-type, n, cm 3 p-type, n. cm
i
! 1) 2.5x10ig 6) ?.2x10{g
{ 2) S.?xlolg 7) 3.'-»(1019
. axlo19 8) u.uxlolg
¥)12. 3x1019 9) 6.0x1019
5)20.4x10 10)10.0x10 {_)
. [Ref. 1u525]
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BISMUTH TELLURIDE

MOBILITY

-
I

ntype w00} pype

L

g

Mobility (c-2/V sec)

" o 204 L]/ oas 00 209
log Carrier concentration

Mobility as a function of carrier concentration at 300°K for polycrystalline Bi T°3
n > 1019/cc. Calculated curve includes impurity scattering; measured values of

mobility are points on curve.
[Ref. 14525]

Hole mubility of pressed Bi?Te3

powders as a function of particle
size at 77°K.

S.C. is single crystal value
P.C. is polycrystalline value.

g88888ds8¢8

- o [Ref. B758]
S U U W N U S S
400 000 1200 1800 2000

Hole mobility (cn?/V sec)

Particle size (microns)
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MOBJLITY

Carrier concentration (cm_a)

ax0” | 210" T e 2
T 1 |

-

§ a0

>

S~

(]

L

3

-

a 3

g -4

W—" = =

MONIC PROFERTIES INFORMATION CENTER ¢ HUGHED AIRCRAPY COMPANY CULVER CITY CALIFORNIA

. -3
Carrier concentration (cm ~)

gxn 0™ 220" 510"
,m B T -
|
200
|
m
o O
vt
7 BT A F

log Carrier concentration (cds)

Bismuth Telluride

Bismuth Selenide

Mobility as a function of carrier concentration in polycrystalline,
hot-pressed bismuth telluride and bismuth selenide, both n-type, at

J00°K.

PO, e 2 P

8y

(Ref, lu675]
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; BISMUTH SELENILE
[ MOBILITY 300
g [ ]
[
t Electron mobility as a function of

temperature in aingle crystal, n-type
312503. measured paralliel (0001)

cleavage plane. Individizl sample
) specifications are not given, only
a range of al. samples at 300°K.

nes 2-Mx1019/cc.

a) Electrical conductivity at 300°K
ranges from 2000-3000 (ohm- em)1

e This sample hai conductivity of
0 10c0 (ohm-cm)~

los Mobiiity (c-2/V sec)

b) Electrical conductivity at 300°K is
A 2000 ohm-cm.

- wEy 3.

Temperature (°K)

. o5 H plf
§ ol (Ref. 630]
>
~
o~
8
oy
i
L)
2
]
g Electron mobility as a function of
¢ carrier concentration in single crysral,
0 a ) Yy ] ® n-type 3128.3 at Y00°K,
Carrier concentration (m'a) (Ret. 630}




BISMUTH SELENIDE

MOBILITY

Hall mobility as a function of reciprocal temperature for single crystal,

Hall mobility (cmZ/V sec)
~
>

i
|

08 [
4 Ja/o’o‘
s I
- 1 TR N O Y § L1
| ? 4 6 810 200 400600 800

1/Temperature (103

n-type 812503.

Sample No. p_(ohm-cm)
®s 5.66x1072
e 6-13 nommal 5.98
° 6- 13 parallel 25.5 |
€ 6-1 13.55 ‘
® ﬁ-u 1 14,2

-1.5

- -
u ¥y T
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BISMUTH TELLURIDE~BiSMUTH SELENIDE

MOBILITY

Mobility as a function of temperature
for hot-pressed polycrystalline, n-type

BizTea(SO%)—BiQSe3(2O%).

solution is highly homogeneous. Samples

are copper and lead doped.

n, cm-i
1) u.ﬁxloig
2) 5.0\1019
3) 8.0}(1020
4) 3.6)(10?0
5) 5.5%10°

)

2

&

[ & LY

log Mobility (cmZ/V sec)

]
Carrier concentration (lolg/cm‘)

87

lop Mobility (cm2/V sec)

il
zk ) z} = Z¢log T
100 158 25i
Temnerature (°K)
[ReF. 1u675]

Mobility as & Ffunction of carrier
concentration for hot-pressed poly-
crystalline, n-tvpe, Std DiqTeq +

70%

BLZSea, with Cu and Pb éoping.

~

p_,.cm
1) leoig
2) 8x10n0
3)  1.1x10°

[Ref. 1k€75]
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BISHUTH TLLLURIVE-BISMUTH SELENIDE

MOB.LITY

-
]
Lan
- ?
b 7
5 . :
Z LN
o~ i @
200-
§ AT A, S
[ ' x
E 7 >.
-t — z ﬂ
o b
y: " 5
£ o l s
ai,gnzon[wsommoawa:,s-,g
8
Couposition o

Mobility as a function of composition in

polyerystalline Bi, Te,-Bi,Se,, silver iodide-doped.
2 €37F19%¢3 e

Carrier concentration tor the BizTea =
increases to 4, then leolg for the 5 compounds, and
returns to 4,7x1019 for the Bi,Se,.

88

[Ref. 3867]

e — 2 a1




B LECTRONIC

P RORPERTIES
AﬂlFUICEIUVHEHALSIA!BIAIﬂIY [ Tame I NEORMATISN

VISION VUSAU LN

O RAE 0 J ) C ENTER

FARKIT BY ELACTRONIC PROPERTIES INFORMATION CENTER ¢« HUGHES AIRCRAFYT COMPANY. CiJ: VER CITY CALIFORNIA

BISMUTH TELLURIDE

TEOTOELECTRONIC PROPERTIES

Wavelength (microns)
. . 2.0 30

Kt:l " T r;‘1 T
500 o —Betore uidetion]

b=Attar

NN |

BN
L= | |

1.0 20 30 40

3
/7
/

sof

)

Photoconductivity (arb units)
[
L §

.—'/

Wavelength (microns)

de i Ul e

Photoconductivity as a function of wavelength in BiQTea, p-type films.
p = 1 ohm-cm 4
A) shows data taken at two temperatures

B) shows data taken before and after oxidation

Oxygen impurity centers introduce a photcconductive absorption band
at about 0.4u4 eV ,(2.8u).

(Ref. 21299]
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BISMUTH TELLURIDE and BISMUTH SELENIDE ' |

PIEZOELECTRIC PROPERTIES ()

" .
Symbel Value (cm’/4vne) Bi,Te, Sample (single crystal) Temperature Ref.
" + a7x1071? p-type, n = 5x1019/cc 300°K 164?28
p = 1013/¢cc -
N -12 " "
3 * T3y CHOx10 16428
Tas + 116x10”1? n-type 300°K 5642
+ 115
+ 90
EiZSea I
" -2 to -5xi0”1? n-type. ¢ = 3300 (ohm-cm) '  78-300°K SQuD

LI is measured parallel to (000l)

LI and n,, are measured normal to (o001)

See page 38 for additional information on piezocoefficient of resistivity. {
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BISMUTH TELLURIDE and BISMUTH SELENIDE

PIEZOELECTRIC PROPERTILS

E +180}
s 3
Temperature dependence of the £ o MO0F  ootype
plezoelectric constant ws in aingle & é a0l
crystal, p-, and n-type i Data g ., 200 00 oK
~ L 1
i3 taken normal to (0001). g .S 0 L L w0 o'
& ox Nl N :
il ~4 -
'(") .(WP o type 2 -
'
I
1/Temperature (10~ °K °)
[Ref. 5842]
— oK
v
g 200 100
T - T T
o™ .
£
o~
< i
S _mL Temperature dependence of the piezoresistance
x coefficient 'i of single crystal, n-type
- 512“3' The iritizl conductivity is given
. in (ohkm-cm)~l., All measurements are
s -so} parallel to (0001).
§ ¥ 1) 340 (ohm-cm)™
= <« » 2) 720 "
- 4 3) 3500 "
§ O_W 4) is n-type, single crystal Bi,Se,
-1
k] 3 -1 o = 330¢ (ohm-cm)”
o 1/Tempsrature (10~ °K ) (Ref. 5842]
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BISMUTH TELLURIDE

PIEZOELECTRIC PROPERTIES

sl

- &

[

O%b

E ~

g o~

:E

25 |

H "

£

' L

v 3

— 5

B x

-
s L, L N P
r] § 13

3 ,.-1

The piegzoresiatan

ce coafficient = in the glide pla

function of reciprocal temperature for three, single crystal,
p-type Bi 're samples.

1) a = 170 (ohm-cm)-l
2) 1t “80 "
3) " 990 ”"

= 8p/o x 1, p = resistivity in (0001). x = mechanical stress

X

[Ref. 300u]
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Photon energy (eV)
14 0827 .
| |

ty

Reflecti

() 1] 7 14 21

Wavelength {microns)

function of wavelength for single crystal,
n-type Bi,‘,'l'e3 at 78°K. polarized light norsal and parallel

to (0001) cleavags plane is {ndicated. Sample 1 is lightls
doped, N * 9.5x1018/cc; sample ¥ is heavily doped, D * 1020/¢cc.

Reflectivity as a

[Ref. 18221]
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BISMUTH TELLURIDE

i REFLECTION COLFFICIENT
i

Photon enerpy (eV) .
' v i? L .‘lo‘ L4 D 19” 1
o
~
ol
Y
[Ial
Lo
U
S _
S J
[+ 4
t
[ " 3 " ” L n . ] ‘
Wavelength (microns) l
1
Reflectivity as a function of wavelength for variouslv S
doped 3ingle crystal, n-type Bi_Te.,, at 78°K and parallel
2°73 [
(0001) plane. -

n_at 293°K T
1) 9.5xloig/cc
2) ?.Bx.LO19
3) 5.8x102o ‘
5) L.4x10

Increase in carrier concentration displaces reflectivity
minima towards shorter wavelength.

(Ref. 18721] 1
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BISMUTH TELLURIDE
REFLECTION COECFICIENT

Reflectivity ar a function of wavelength for n-, and
p-type rzingle crystal BizToa at 78°K and 300°K,

Wavelength (microns)
.82 2124

.

A R

Reflectivity (%)

bt A bbb
Wavelengih (microns)
[Ref. 21115)

Reflectivity (%)

Reflectivity as & function oi hoton energy for
single crystal, p-type 312703

. T, €. | = radiation normal to (0091) cleavage plane
see ==~ pediation parallel to (0U0l) cleavage plans

A) \ = [113 to 12.4y, 300°K
3) A= ,827 to 6.89u, 77K

T —r T

N - aaat et AN RESNE R RO

Photon enargy (eV) (Ref. 22u68]
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BISMUTH TELLURIDE-BISMUTH SELENIDE (BiET.3—xsax)

REFLECTION COEFTICIENT

Reflection coefficient as a function of

photon enargy for polycrystalline Bi Tel 8 e .0
at 300°K. Radjation normal to (0001§

cleavage plane, ‘Exc)‘

(see table on next page for peak energies)

14
T2
o
o~
-
“ [ ¥ ]
>\7!
ot .
» N}
ool
~ 164
o w}
by {e
zﬂr
180
o™ }
&%, 8e
‘!L-vouuz
l b ]
n —Y | VR Y — A
0O 02 04 08 O W 2 ™

Photon energy (eV)

96

ty (%)

ivi

Reflect

Wavalenzth (microns)
KT R A2

p]

JED

[ | S S

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

polycrystalline, p-type Bi Ta2 8s -Se ®).15 at 300° K.
Rad{ation normal to (0001) cleavage plane (E .

(Ref. 22u68)
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BISMUTH TELLURIDE-BISMUTH SELENIDE (312T.3-x5°x) Vavelength (microns)

REFLECTION COEFFICICNT

Reflection coefficient as s function of
photon eneargy for single crystal, n-type
312803 at 300°K. Radiation is riormal to

(0001) cleavage plane, (Elc)'

Reflectivity (%)

] ; ; [ ] .} 0 12
Photon enercy (eV)

OO

[ ol L X X EVEVE- RN
beSaBRaTL

82828888 we
gN-—U-—N

e e e b s
NN NN~
uuuuuug

812103 aid 312803 are singls erystals. The alloys are polycrystalline. Peaks for
(:) 2 alloys are shown graphically on this page and the preceding one.

[Ref. 22t68]
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PREPARID BY RLECTRONIC MADPIARTIES (NFURMATION CENTER ¢ HMUGHES AIRCRANFT COMPANY CULVER CITY CALIFORNIA

BISMUTH TELLURIDE

REFRACTIVE INDEX (n)

s

~.

)

\

Symbol Value Sample Wavelength Tempsrature Ref,
n 9.2 single cryatal, n-type 8-luu 300°K Al2u
(o00l)
0 Rty .
b -
s n 3 “
Wavglength (u)

Refractive index as a function of wavelensth fer single crystal, n-type Bi Tea,

iodine-compensated intrinsic. Data taken on a (000l) cleavags plane at

118°K. _
(Ref. 3124)

Wavelength (microns)
412

| Refractive index, n, and extinction

coefficient, k, as a function of photon

energy in single crystal, p-type BizTea.

1 Radiation normal to cleavage plane, o
; (oo01), Eic' :

[Ref. 22u488)

Refractive irdex and extinction coefficiant

O |

Q 2 4 [ 8 o n

Photen energy (ev) No refractive index data available fur|hizso

30
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BISMUTH TELLURIDE

THERMAL CUNDUCTIVITY (k)

Value i
Symbol (W/cm ieg) g (ohm-cm) . Sample (single crystal) Temperature Ref. i
!
k .0316 2700 n-type, impurity, parallel (G00l) 150°K 2678
.0187 730 " !’ " 300°K |
.0278 370 n-type, near intrinsic, " 150°K |
L0244 200 " - " 300°K 2678
kL .0268 n-, and p-type, single crystals 150°K 2421
.0157 or aligned polycrystalline 300°K 242}
p-tyvpe n-type parallel (0001},
.072 .066 n-type, o = 6.3x10° (ohm-cm)~! 77°K 321§
ke o1 011 for .09% iodine-doped %
ky .06 .055 p-type, 0 leo3 (ohm-mu).l ! .
. for undoped material 321s !
1
K .003Y p-type, p = .13x10"2 ohm-cm 517°K 2401
.00y o = .2x10°“  (hot-pressed)  126°K 2401

k = total thermal conductivity : ‘
k, * elactron thermal conductivity
k = latrice thermal conductivity i

R < = el U —
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BISMUTH SELFNIDE

THERMAL CONDUCTIVITY

Symbol

Value

(W/cm deg)

k

0677
.0082
.0039

«0G47
.2060

Sample (single crystal) Temperature Ref,
p-type, o = .58x10” 2 chm-cm 32u°K 2401
.79 413°K
.98 511°K
.13x10:§ 428K
.83%x10 (hot-pressed) LyY59K 2401

BISMUTH TELLURIDE-BISMUTH SELENIDE

L
(mW/cm °K) % Composition Conductivi{v

k k. kL 812703 BiQSea (ohm-cm)~

19.8 3.3 16.5 100 0 729 single 300°K 19825

16.1 2.7 13.u gs 5 s91{ crystal,

2.1 1.3 1.8 90 10 73000 VP8 ndoped

11.9 0.9  11.0 77.78  16.67 205,

12.0 0.8 11.2 80 20

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

.4 1.4 13.0 50 50 315

13.0 2.3 10.7 4o 60 512

14.5 3.8 10.7 32.33  66.67 8a3 {P~YP

17.5 5.3 12.2 16.67 77.7¢ 1182

27.0 8.8 18.2 0 100 1953 19825

100
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BISMUTH TELLURIDE
THERMAL CONDUCTIVITY

(Additional graphs will be found in Thermoslectric Properties)

Total theswmal conductivity as & function o¢
of reciprocai tempsrature for two cingle g g0 s |

crystal 512'1‘:3 samples, together with .g
-08
veprasentative data of Goldsmid [Ref. 2678]. fald o,r ?
o B o
> @
o single crystal, p-type, n = 2xlolg/cc ol A“L
(zcne refined) (0001) 55 i
¢ n-type, n ® 3x1017/cc (0001) § .U
o o8} i
== lattice thermal conductivity = kL — "__,: i
o BRr i
k. = glactron thermal conductivity g w ok i
o Type Sample [Ref. 2678) EX oty
2 n near intrinsic, p = .005 ohm-cm /T 3 og~1 ;
4 p parallel (0001), o = .002 ohm-cm /Temperature (10 )
[(Ref. 801]
i
Ll
o
]
£ oo Thermal condictivity as a function of temperature
Py for single crystal Bi,Te..
bl S
£ 4
T ! Sample Tvpe o, ohm-cm Orientation
.
] 1) impure n .001 parallel (0C0l1)
3 2) near n .005 "
g o intrinsic
v N s 3) " n .005 "
- 4) impure P .002 "
g 5) " ) 002 normal (QOO1)
{ 6) " .002 "
C S % P
Temporcture (°K) {Ref. 2678)
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BISMUTH TELLURIDE .

THERMAL CONDUCTIVITY

Lattice conductivity of stoichiometric
single crystal, n- or p-type 812T03
compared with data from Goldsmid and
Ure for “ellurium-doped samples.
Temperature coefficient of lattice
conductivity is given for temperatures
ovar 100°K, .

ty (¥ cm/deg)

ivi

@ [Ref. 2u421], 150-300°K
A [Ref. 801], 77-373°K

log Thermal conduct

]

¥ 0 it n l"'

log Temperature (°k)
(Ref. 3u66]

H i
R T AT T I A VIR ¥ |

Thermal conductivity as a function of electrical

i

|

' }

B om conductivity in Bi2Te3, at 300°K. Samples are ]

KA :::: D .’,} macrocrystalline, the p-type has excess bismuth f

Q ~ 0% “ o and the n-type is Cul-doped. i

-§ ¥ . = <] i
e )

§Q ot T"—“' Prign --- t eoretical curves, calculated for 3

Ul )

..43 080 ./'4" thermal scattering (a) !

rak/ - 1

g" o e and degeneracy (b) E

) i

e o0 B = [Ref. 7768) i

Electrical conductivity (ohm-cm) i-) i
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BISMUTH TELLURIDE

THERMAL CONDUCTIVITY

) 3
I
:\ - A | ; oyt
5 !
]
5 Y
s
=
A
kS 23
Lal
%
g "
i
O s !
= " 2 3 a

1

Electrical conductivity x 10° (ohm-cm)™?

Thermal conductivity as related to elactrical conductivity at 250°K (A) and 300°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 du,\ to additional phonon scattering by the halogen impurity.

ab 43 v 49
3 . ] 1 1
o Yo s * =" o i ;
L L . ¢+ [ u
. 5 . "% | i " n-# !
; .r- R
&> = whH——- — ——
z __
L R
> A
Ll i
§ »” M ]
-~ | -, [U—
7 — . : txpd n-
i AT TR
E _”.F"' 4 __"' ::“J
" - -3 > 3
0 Electrical conductivity x 103 (ohm-cm)-1

Thormal conductivity as related to electrical conductivity at 150°K (C) and 200°K (D).
(Ref. 2u21)
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THERMAL CONDUCTIVITY

Thermal conductivity as a function
of carrier concentration for single
crystal Bi2'r03 at 300°K. The
‘ samples are lead- and germanium-doped
i lead yields p-type, germanium gives
’ n-typ.c
26
g4 a
I 1 —
4
! o (]
* K

Thermal cenductivity (mi/deg cm)

n
A
3Le

X in B Te,  Se

e e emars —

BISMUTH TELLURIDE-BISMUTH SELENIDE (8121‘.3_*30‘)

" at 300°K.

PREPAREO DY ELECTRONIC PROPERTIES INFOAMATION CENTER ¢+ HUGHES AIRCRAPY COMBAN Y CTULVAN CITY, CALIFORNIA

[
E
i
=~ ‘0*
58
By
3
-
g!!
E 1 0 3
Carrier concentration (J.CJ‘19 cm'a)

(Ref. 161821

Thermal conductivity as a function of
composition in the Biz'l'oa-B;L‘,Se3 system
ky is thermal conductivity,

)t.‘ is electron thermal ccndactivity.

All samples ure polycrystalline, at x = 1
type changes from p to n.

[Ref, 19875]
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BISMUTH TELLURIDE-BISMUTH SELENIDE (BizTea_xSex)

THERMAL CONDUCTIVITY

Lattice thermal conductivity as a function of
composition in the Bi2T03—Bi,,Se3 system.
Samples are macrocrystalline, n-type,

copper bromide-doped.

a
i

Lattice thermal :onductivity
x 1.03 (W/cm deg)
3

°°
-1
-3
.
5
ol

@
4

»
1

(Re: . 7768)
o~
S 4
x
fo e
T ? A
e .
g% Thermal conductivity as a function of
Q8 2 / composition in tne Bi,Te -Bi Se, system
83 ] i': /if at 300°K. Single crystal samples are
- 0.1% silver iodide-doped.
— |
‘-'.’” 20 0 € 0 0 0 0N 8y Se, % = thermal conductivity .
k, = lattice thermal conductivity

L

Lack of data between 33 and 50% Bi2Se3 masks

the anomalous behaviour ssen in [Ref. 7768)
and TRef. 19825].

Compeaition in atomic §

Q

(Ref, 3857)
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BISMUTH TELLURIDE-BISMUTH SELENIDE (BIQTea_xSex)

THERMAL CONDUCTIVITY

°K
500 2%0 166 125 100 83 71 62
008 —~T—TT T T T T T
& Big Tey ~1%8I
-~ A4 Bi,To,-5°bBl. Sey *
o t Big Tey—10% Big Se,
© 005 |- « Biy Tey Allay (OSI) ]
8 T 2 .
. K
> () /
-
> Q04 3
[ )
ot
>
2 /1
g 003
Y
&=
é
. )
o K
E Q02
o 1T
s 1 UATHLN
L d -
1 00 r"/r"’ ™
v 00l -
e .
£l
& ¥
.'_l‘ L 1 1 1 ]
L1 LITii]
0 1 234 56 789I011213141516
1/Temperature (10° ox7h)

Thermal conductivity as a function of reciprocal temparature
for several Bi?T93-8125e3 polycrystalline alloys.

commercial, n-type BiQTe3
p-type 812T33 + 1% BiQSe3
n-type Bi?Te3 + 5% Bi,Se, + .26% CuBr

X n-type !li,,'!‘e,3 + 10% Bi,Se, + .26% Cubr

o P 1

The electronic component of the thermal conductivity has been
subtracted by assuming degenerate statistics and using the -)
Wiedmann-Franz ratio. -

{Ref. 15503] ‘
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3215

|

|

3215

3867

3867

2678

2678

Q (WV/°K) o (obm-cm)™> Kk (W/cm deg) Z (deg l) Sample Temperature Ref.
61 6.9x103 .072 single crystal, p-type, 779K
68 5.85 .072 undoped, parallel (0001)
’ -39 1.71 .058 single crystal, n-type
-73 6.3 l . 066 with increasing 1-doping
-22 15.2 .076
\ macrocrystalline
| O Doping 13 -3
‘ wgt. ¥ n (107" cm )
|
t *240 5.25x10% .0200 1.51x10”3  undoped  (1.23) 300°K
A +2u2 3.0t 0215 0.83 Agl 0.01 -
+13 3.50 - - Agl 0.03 -
=202 11.50 0216 2.18 Agl 0.10 2.05
‘ -177 15.40 .0230 2.10 Agl 0.15 2.8
; -148 21.00 .02u8 1.86 Agl 0.20 3.83
f\ -73 $3.20 - - | AgT 1.00 1g.2
! . viBa4 7.74 . 0207 1.2 | Sn 0.1 3.25
+107 8.85 l .0210 0.47 Sn 0.3 10.35
+ 55 14.00 - - Sn 0.5 33.u4
k -
-3 impure
+200 500 .0175 1,14x10 single crystal, p-type, 300°K
=215 750 .019 2,81 n-type
\ -200 200 o024 2.50 pure, n-type
All measuressnts parallal (0001)
l (thersa! e.f); o (electrical conductivity); 2 (figure of merit): k (thermal

3 Q
O conductivity); n (carrier concentration)
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BISMUTH TELLURIDE

‘ THERMOELECTRIC PROPERTIES

Sample
-1 2 . single
Q (max) o (ohm-cm) k_(W/cm deg) "(300Kk) n, cm crystal Temperature Ref.
180 500 .021 »0.0u8 5x1010 n-tvpe J33°K 2624 .
18 excess Te
170 400 >0.041 8x10 p-type, 333°K
excess Bi
210 300 or Pb 300°K 2624
|
{
BISMUTH SELENIDE ) :
QD |
-100 2000 ~ .03 .66x16"0 2x101?  notype 200K 2866
18 .
~51 2000 23x10 sincle 300°K 21836
crystal

300°K 21836
macrocrystalline .

23x20*8 Bi, o Im, y,S€,

]

1

b
o
W
=]
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BISMUTH TELLURIDE-BISMUTH SELENIDE

THERMOLLECTRIC PROPERTIES

BlyTe, BlSay  Q (W/°C) o (ohm-cm)™l K (Wem °C) 2 (dex™) Ref.
* 10608 0 + 212 729 .0198 1.66x10"° T3R8
95 5 + 231 591 .0161 1,96
90 10 + 273 290 L0131 1.65
83.33  16.67 + 290 206 L0119 1.u6
80 20 + 280 180 .0120 1.20
66.67  33.33 ~ 0 o4 .0156 0
50 50 - 228 315 L0144 1.18
40 60 - 140 513 .0130 1.28
$3.33  66.87 - 135 833 .0145 1.05
22,32  717.78 - 109 1182 .0175 0.0
O 0 100 -7 1953 .0270 0.88 19825
The above values are for macrocrystalline samples at 300°K.
100 0 + 260 525 .02 1.51x10°3 3987
80 20 + 90 263 - -
65.67  33.33 - 213 262 L0142 W
56 50 - 163 486 L0158 .a2
25 " 7% - a7 1814 .0199 gu
0 100 - 60 2330 ,0304% .28
. The above values ars for macrocrystalliine samples at 300°K.
- 100 0 - 202 1148 .C21¢6 2.76x10°3
90 10 - 179 1335 0175 1.78
80 20 - 177 975 2174 1.7
66.67 83.33 - 18 1560 - 1. ¢
$0 50 - 108 1640 0203 0. 5
20 20 - 53 2716 27y 0.27
0 100 -~ 44 3550 037 0.16 3867

The above valuss are for silver lod'y < ipnd ... irdc ystalline at J0V°K.
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BIS¥'TH TELLURIPE-BISMUTH SELENIDE

]

- 1
THERMOELECTRIC PRUPERTIES i
i

|

Bi,Te, Bi Se, Q (W/°C) o (ohm-cm)'l k (W/em °C) 2 (deg:}) Temperature Ref,

3 273
20 10 - 200.1 1245 .0168 293.3°%K 19518
- 173.6 1838 .0228 271 °K '
- 125.6 3495 .0398 115.9%K 19515 !

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

)
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BISMUTH TELIAL,YOE

THERMOELECTRIC PROPERTIES

1.

)
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1 NFORMATIORN]
C ENTER

Wooe

¢}

Therenstlectrn Pomer 04y deg™)

Llectrical eenductivity (ohm-cm)™)

Tempersture (°K)

L PO, f
AGiupSsaaLUIE

xmma n

clectrical conductivity and thermoelectric amf as a function of temperature

for 8121‘33.

AP TTOG L7 IO s i S

- -

Current flow parallel to cleavages plane (0001),

calculated curve

axperimental

111

Crystal

single crystal

macrocrystalline, zone refined
macrocrystalline, zone refined
macrocrystalline, zone refined

[Ref. 3223]
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BISMUTH TELLURIDE

THERMOELECTRIC PROPERTIES

Carrier soncentration fcm °)

[Ref. 15813])

Thermal emf as a function of lead and .§
gurtanium concentration in macro- -~
crystalline 312‘1'03 at 3C0°K. 2
L)
-=- mweasurement taken immediately after §
sample preparation (Ge-doped) 'éf
~—— aasured about three months after Y
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BISHWUTH TELLURIDE

i

THERMOELECTRIC PROFERTIES

(---; Thermal emf and (—) eluctrical
conductivity 12 polycrystalline 8127-3

as a function of carrier concentraticn
at a rane of 300-700°K. Lead additives
yield p-type matericl; halides yleld
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a halide rather than tho me :al,
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Thermal emf as a function of sintering temperature
for p-type, zone refinad Bi _Te_ , iodine-doped. The ‘4’
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|¢ob B Thermal emf as a function of particle
§ size in p-type BiQTea powders at 300°K,

[Ref. 8758]
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Thermal emf for Biz'l‘e3 single crystal
at 300° as a function of crystal mother

liquid composition.

(0001) cleavage plane.
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Thermal emf as & fuuction of temperature

for single crystal, n-type 512303.
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Thermal emf, electrical resistivity

and thermal conductivity in n-type

[ii,‘,Se3 as a function of temperature

from 2 to 24°K.
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THERMOELECTRIC PROPLRTILS

Thermal emf as a functicn of temperature
for single crysta} Bi?'" 3 and single crystal

85% Bi. Te ~x.ao 8i Se3 The normaily p-type

Bi Te3 is altered to n-vype by the presence of
the selanide as well as the chlorine.
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——Seebeck coefficient as a function of
temperature for polycrystalline Bilea_VSe
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AND SOLID STATE TECHNOL., v, &, nec., 2, Teb. 1565. p. 18-22,

Li, C-Yu., et al, Effect of Pressure on the Enerpy Gap of BizTea. J.
OF APPLIED PHYS., v. 32, no, 9, Sept. 196l. p. 1733-1735.

SEHR, R, and L.R. TESTARDI. Plasma Edre in Bi,Tea. J. OF APPLIED PHYS.,
v, 34, no. 9, Sept. 1963. p. 2754-2756.
GIBSON, A.r. and T.S5. MOSS. The Photoconductivity of Bismutr Sulphide
and Bismuth Telluride. PHYS. SOC., PROC., A, v. 63, pt. 2, Feb, 1950,
p. 176-177,

HASHIMOTO, K. Electrical Properties of Bismuth Selenide, B{ Se3 II.

Thermoelectric Power and Thermal Conductivity. KYUSYU UNIV., MEMOIRS
OF THE FACULTY OF SCI., SER. B, v. 2, no. 5, 1956, p. 187-193.

GLATZ, A.C. An Evaluatinn of the Biemuth-Tellurium Fhase System.
ELECTROCHEM. SOC., J., v. 112, no. 1?2, Dec. 1965. p. 1204-1207,.

ROSENBERC, A.J. and F. WALD., Massive Heterovalent Subatituticns in
Octahedrally Coordinated Semiconductors. J. PHYS. CHEM. SOLIDS, v. 26,
no. 7, July 1965. p. 1079-1086.

GREENAWAY, D.L. and G. HARBEKE. Band Structure c” Bismuth Telluride,

Bismuth Selenide and Their Respective Alloys. J. PHYS, CHEM. SOLIDS,
v. 26, no. 10, Oct. 1965. p. 1585-1604.
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PUBLICATIONS OF _
THE ELECTRONIC PROPERTIES INFORMATION CENTER {EPIC) ()

Hughes Aircraft Co., (Bldg. 6, Mail Sta, El48), Culver City, California 30232

0S-101
DS=-102
DS-103
DS-104
0S-105
D5~-106

DS=-107

DE-108
DS-108
DS-110
DS-111
D5-112
DS-113
DS-114

DS-116

DS-117

DS-119
DS-120
Ds-121
DS-122
DS=123

Cadmium Telluride, M, Neuberger. June 1962, (AD-415 331) $5.60

Indium Phosphide, M, Neuberger. June 1962. (AD-414 847) $3.60

Indium Telluride. M, Neuberger. June 1962, (AD-414 896) $3.60
Megnesium Silicide. M. Neuberger. June 1962. (AD-414 895) $1.680
Polyethylene Terephthalate., J. T. Milek., June 1362, (AD-414 84G) $4.60

Pblytetra.fluoroethylene Plastics, E. Schafer. June 1962. (AD-413 907) $4.60
(More recent is Special Report S-3)

gmnﬂuomm°mﬂwlwe Plastics. E. Schafer. June 196Z. (AD-413 $40)
.60

Zinc Telluride. M. Reuberger., June 1962. (AD-413 939) $2.60

Indium Arsenide, M. Neuberger. -June 1962, (AD-413 892) $4.60
Aluminum Antimonide, M. Neubergef. September 1962, (AD-413 676) $4.60
(No longer available; superseded by DS-146) ‘
Gallium Antimonide, M. Neuberger. October 1962, (AD-413 775) $5.60
lead Telluride, M, Neuberger, October 1962. (AD-437 311) $3.60
Magnesium Stanmide. M. Neuberger. November 1962, (AD-413 825) $2.60
(No longer available; superseded by DS-144)

Lead Selenide. M. Neuberger, Decamber 1962. (AD-437 310) $4.60

{¥o longer available; superseded by DS-137)

(No longer availsble; superseded by DS-137)

(No longer available; superseded by DS-137)

(No longer available; superseded by DS-137)

Indium Antimonide (2nd ed.) M. Neuberger. December 1965.

Steatite, J. T. Milek., February 1963. (AD-413 834) $5.60

Beryllium Oxide, J, T. Milek, March 1963, (AD-413 831) $2.60 ”}
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DS~232

DS=133

DS-135

DS-135
DS=137
D5-138
DS-139
DS=140
DS-141
DS-142
m;143
DS-144

DS-145
DS-146

nS-147

Cadmium Sulfide, Summary review and Data Sheets, M, Neuberger., April 1963.
(AD-413 667) $11.50 .

Magnesium Oxide, J. T, Milek. June:1963. (AD-413 809) $4.60

(No longer available; superseded by DS-137)

Silicone Rubber. J. T. Milek. June 1963, (AD-413 906) $3.60
Cordierite. J. T, Milek, June 1963, (AD-413 850) $2.60
Forsterite. J. T, Milek. August 1963, (AD-421 829) $5.60
Fyroceram, J, T. Milek, Augu?‘!: 1963, (AD-421 883) $4.60

(No longer available; superseded by DS=143)

Zinc Selenide. M, Neuberger. September 1963, (AD-421 964) $2.60
Zinc Oxide. M. Neuberger. Cctober 1963, (AD-425 212) $4.60
Cadmium Selenide, M. Neuberger. November 1963. (AD-425 216) $5.60

éinc Sulfide. M, Neuberger and D, L. Grigsby. December 12963. (AD-427 288)
7.60

Aluminum Oxide. J. T. Milek., March 1964. (AD-434 173)

Silicon. M, Neuberger. May 1964. (AD-601 788) $14,50

Borosilicate Glasses. J. T, Milek. June 1964. (AD-602 773) $5.00
Aluminosilicate Glasses. J. T. Milek. July 1964. (AD-444 101)
Sulfur Hexafluoride. J, T, Milek. October 1964. (AD-607 949) $3.00
Ricbium. D, L. Grigsby. November 1964. (AD-608 398) $4.00
Fluorocarbon Gases. J. T. Milek, November 1964, (AD-608 897) $4.00
Germeniwa, M. Neuberger. February 1965. (AD~610 828) $6.00

Gallium Arsenide, M. Neuberger. April 1965. (AD-465 160) Not avuilsble
from Clearinghouses,

Silicon Carbide. M. Neuberger. June 1965. (AD-465 161) Not aveilsble
from Clearinghouse,

Galliws Phosphide sndl the Gallium Arsenide-Gallium Phosphide System. M,
Reuberger. July 1965. (AD-467 537) Not available from Clearinghouse.

Biemuth Telluride-Bismuth Selenide System, M. Neuberger. January 1966.
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ADDITIONAL PURLICATTON

2T WILSTTN, Vol, 1, no. 1, Januery 1965- , A aomthly two-page pews -

sheet containing {teams of interest to many of our users.

ELECTRICAL AND MLECTRONIC PROPERTIES OF MATIRIALS., TAFORATION RRTRIEVAL

Technioal Documentary Neport Bo, ASDYITR-62.539, June 1952,

Final Meport (Covers work from July S, 1961 « June 15, 1962), H, T.
Jotmson, E. Schafer, and E, N. Wallace, pp. £19. (AD-209 546) 415,00,

Ibi4. ABD-TDR-62-539, Part II, April 1963, H. T. Johnson, D, L. Origsvy,
and D, H, Johnean (Covers work from June 15, 1962 - December 14, 1962),
pp. 122. (AD-407 550) $2.75.

Ivid. ASD-TDR-62-539, Part III, April) 1964, H, T. Johnson and D, H,
Johnsan (Covers work from Jamwmry B2, 1963 - Jamuary 31, 1964), pp. 80,
(AD-602 411) $3.00,

THE ELECTRONIC PROPERTIES INFORMATION CENTER, Technical Report AFML-TR-
65-68, Maxch 1965, H, Thayne Johnson and Dooald L. Origsby (Covers work

from ) February 1964 ~ 31 January 1965), pp. 80. (AD-466 104). Not svailable
from Clsaringhouss.

(These four reparts, ASD-TDR-62-539, Parts I, II, ani III, and AFML.TR-
£5-68, are progress reports that dsscride the estarliishment, purpose,
operstions, progrems and accomplishments of EPIC,)

SEECIAL REPORTS

8-1

5.2

8-5

8-7

INSULATION MATERIALS DESCRIPIORS USED IN THE ELECTRICAL AND ELEC-
TRONIC PROPERTIES OF MATERIALS INFORMATION RETRIEVAL PROGRAM:
Emil Schafer. July 1962. (Superseded by cother publications.)

SENICONIUCTOR MATERIALS DESCRIPTURS USED IN THE ELECTRICAL AND
ELECTRONIC PROPERTIES QF MATERIALS INFORMATION RETRIEVAL PRCGRAM:
Duil Schafer. Septasber 1962, (Superseded Ly other publications,)

A BURVEY NATERIALS REPQRT OMf TETRAFLUCRCETHYLENE (TFE) PLASTICS,
J. T. Milek. Beptember 1964, (AD-G07 798) $4.00,

THE FURPOSE AND FUNCTIONS OF THE ELECTRONIC PROPERTIES INFORNATION '
CENTER, M., Thayms Johnson. August 1964. (out of print)

ELECTRON MOBILITY IN ALIPHATIC HYDROCARBONS AS RELATED TO CRUANIC
INSULATION BREAKDOWN, J, T. Milek. Tvbruary 1865. (AD-465 159)
Fot rrailabls from Clearinghcuss.

OPTICAL PROPENTIES AND THERMAL COMDUCTIVITY OF ALUNINUN OXIDE.

M. Fewderger, Pedruary 1988, (AD-484 823), Not available from
Clearinghouse,

GLOSSARY OF EECTRONIC PROVERTIES, Bmil Schafer, Janusry 1965. )
(AD~8126 783) $3.00. ;
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