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FOREWORD

This report was prepared by Hughes Aircraft Company, Culver City, '
California, under Contract Number AF 33(615)-2460. The ccntract was
t { initiated under Project No. 7381, "Materials Application," Task No.
738103, "Materials Information Development, Collection, and Processing."

The work was administered under ‘he direction of the Air Force Materials

Laboratory, Research and Technology Division, Air Force Systems Command,
Wright-Patterscn Air Force Base, Ohio, with Mr. R. F. Klinger, Project
Engineer.

The Electronic Properties Information Center conducts documentary
research based on the collection, analysis, and review of the scientific
and technical literature relevant to the electrical, electronic, and

’ magnetic properties of materials. The primary objective of this program
of evaluation and correlation is to provide a source of competent infor-
mation to the DoD community. By means of several series of publications
such as Data Sheetis, Special Reports, Interim Reports and several services
such as Computer Bibliographies, technizal question answering services,
and special studies, research and'development support is made available

to this extended community.

The initial step in the preparation of this data sheet was retrieval,
by means of a modified coordinate index, of all lead sulfide literature in
the EPIC file. Bibliographies were also reviewed to ensure the inclusion
of all relevant literature. Papers containing primary experimental data
were selected. Secondary reviews and evaluations were considered during
the data analysis.

If data available from several sources are judged to be equally




valid, then all are given. Data are considered questionable and rejected

for inclusion because of faulty or dubious measurements, unknown sample ei,

o composition, or if more reliable and inclusive data are available from

another source. Selection of data is based upon evaluation of that'which
is mcst .epresentative, precise, reliable and inclusive over a wide range
of parameters.

Hithih every property section we have tried to include every available
parameter and range of experimental condition found in the literature.
Measurement environment and sample specification are included when available.
Some alterations in units and presentaticn may be made to facilitate
-omparison with other exﬁerimental data.

This report consists of the compiled data sheets on lead sulfide. A

full list of FPIC publications to-date appears at the end of the report.

The author wishes to acknowledge the assistance afforded by Dr. J. J.
Grossman in reviewing the experimental data, and the contribution of
Dr. Sheldon Welles in the review of the compilation. The supporting
assistance of another memberof the EPIC staff, Mrs. Marjorie Dunmn, is

! gratefully acknowledged.
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ABSTRACT

These data sheets present a compilation of a wide ?;nge of electronic
properties for lead sulfide. Electrical properties include conductivity,
dielectric constant, Hall coefficient, and mobility. Emission data have
been broken down into the varied electron and photon emissions which result
from application of electromagnetic energy over a wide spectrum and a wide
variety of photoelectronic phenomena is shown. Energy data include energy
bands, energy gap, and ene gy levels, as well as effective mass tables,
and work function. The optical properties include absorption, reflection,
and refractive index. Magnetic data are presented, as well as several
other physical phenomena, such as Debye temperature. Thermoelectric and
thermomagnetic properties are shown. Each property is compiled over the
widest possible range of parameters including bulk and film form, from

references obtained in a therough literature search.

A summary of crystal structure and phase transitions has been included.

This report has been reviewed and is approved for publication.
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Emil Schafer, Heaz
Electronic Properties Informatlon Center
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SUMMARY
Galena, the natural lead sulfide, is the most important lead mineral and one of
the most widely distributed sulfide minerals, occurring in both sedimentary and
hydrothermal vein deposits. It is found with many other iron and silver ores as well
as with various silicates.
The natural ore is often obtained in very pure form and is so used in the labora-
tory as will be noted in these data sheets.

The mineral nume of lead sulfide, galena,is also the family name for the lead

'E) chalcogenides including manganese and calcium sulfide. These minerals are face centered
l hol

cubic with the halite structure.

F ' Lattice rarameters 2

a, = 5.9362 } at 26°C

5.92 ¢ 3§ (natural galena)
_ ' 5.936C ¢ 4 & (natural galena, very pure)
F 5.94 § (natural galena)

Galena is generally cubic or cubc-octahedral and tabular on (001). This is the &

cleavage nlane éndzcleavage is easy and highly perfect. The mineral is gererally

found in massive growthe and twinning is common. It is very soft and heavy; hardnass = § ?i:

2.5-2.75 on the Mohs scale and specific gravity = 7.58 g/em3, It has metallic lustre

o e
and is opaque; in polished sections it is Isctroplc under polarized light. 7The melting '}_ i
‘ i

point is 1115°C, ) 2 ;
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Weight percent sulfur

i 2 5 10 15
1200 T 1 T T
1100b-----------~----;;;JF--" Melting point
1000 p= =
s0ok- i Lead and lead sulfide are completely
:, 800“ 4/ ' miscible in the liquid state and there
‘-‘ p - —
g ; are no sub-sulfides , as may be seen in
@ T0CH i ) ) . .
8‘ : this phase diagram. The melting point
& :
(= 600' here is given as 11i9 ¢ 16°C, 3
500 -
400 - -
K 7. . SO S,
- I | L J L s
300510 ~20 20 10 50 60
Atomic percent sulfur 4
Lead-Sulfur Phase Diagram 7 .
Lead sulfide is widely employed as a detector ir infrared systems. These devices

are highly responsive in the visible and infrared regions; at 25°C the radiation range

is from 0.4 to 3.3 microns. As the temperature decreases the wavelength limit moves

further into the IR so that at liquid nitrogen (77°K) there is a response at 4.3 microns
[Ref. 3768]. The spectral response of films may be displaced toward shorter wavelengths
by oxygen doping, reachingl.5 microns at room temperature [Ref. 3883, 227361. Oxygen

has ancther sensitizing ~ffect on thise films by converting n-type to the more respconsive

p-type. It should also be noted that chemically deposited films are more homogeneous

and reproducible than evapurative iayers [Ref. 2273&1.
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Small deviations from stoichiometry caused by slight differences of temperature and

’; pressure during preparation have large effect on the electronic as well as the physical
properties of both the crystals anad films, by introducing vacancy defects. In films

* these defects may be annealed out by careful heating. At a given dopant level, the heat

treatment increases resistivitywith consequent decrease in lifetime and a net increase

in response. Excessive heat however, will destroy response [Ref. 22736].

=

o
¥

1 Wyckeff, Ralph W.G. Crystal Structures, v. 1, ?nd Ed. Inters. Ci., 1863,

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
cooperation of Anderko, K. N.Y., McGraw-Hill, 1958. p. 1100.

“ Dana, J.D. The System of Mineralogy of James Dwight Dana and Edward Salisbury
Dana. Yale University, 1837-1892. v. 1, 7th ed. Entirely rewritten and
greatly enlarged by Palache, C., et al. N.Y., Wiley, 1944, p. 200-204,
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LEAD SULFIDE

ABSORPTION

Photon energy (eV)

i ’ 465| 407
:az}\/" an3

576

Szmplc: thickness, .25 mm
Sample temperature, °K

] , ./m
e —/

To=195.77.4%

Absorption coefficient (cm-1)

-

20 30 40 50 60 70 80 9.0 100

Wavelength (u)

Absorption coefficient as a function of photon energy for single crystal, n-type lead
sulfide at temperatures from 20-520°K. Curves ere calculated from transmission data,
and thoge taken below 300°K are shown by dotted lines. Carrier concentration may vary
from 1017 to 104° cm=3, but type and carrier concentration do not affect the edge. The
absorption edge coincides with the long wavelength limit of photoconductivity and beyond
tke photo conductivity limit, the absorption coefficient is small and in part, due to
the free carriers,

[kef. 3768]
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LEAD SULFIDE

ABSORPTION

Absorption coefficient as a function of
photon energy in single crystal lead
sulfide. Both natural and synthetic
crystal cleavage faces were used. The
absorption coefficient is calculated
from optical measurements of trans-
mission or reflection and indicates

the predominant importance of temper-
ature.

20°C

------ 108° C (AVERY) & 100° C {GIBSON)

——— 350 C {AVERY) & 192° C {GIBSON)

— - 2950 C (AVERY) & 303° ¢ (GIBSON}
x  VERNER [Ref. 11580]

[Ref.

Photon energy (eV)

~ .. 25 12 83 62 50 4l
’;‘ 20 T T T ;
£ -O= ROOM TEMP
o === 112° C
—a— |82° C
i 9 -=¥-- 220°C
0 -8 260°C
e —-— 320 ¢
& 10
Yy
[}
(o]
0]
a5
S O o e
2 RN
~ - Y
90 05 10 ) 20 25 30
e}
<

Wavelength (u)

Wavelergth (u)

. 1225 6z 124
o \1\ |
i
£ 0%
8 i
3
P AVERY
=4
@
0 10*
el
Uy &
[H £
3
¢ 0% SUGGESTED FOFM
= AY 300° C
.S dx
0y % %
K 102 ) | | GIBSON
g iz
< < S ol
Iy i |
10 4
43 2 1 05C302 QI

Photon erergy (eV)

[Pef. 3452]

Absorption coefficient as a function of
wavelength at various temperatures, for
lead sulfide. The absorption coeffi-
cient is calculated as the imaginary
part of the dielectric constant (2n<k).

t is plotted as a function of photon
energy in single crystal lead sulfide
at temperatures from 20-312°C.

{Ref. 2u452]
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Photon energy (eV) |
SO 2 e & 3 25 d
Absorption coefficiernt as a function g O [ L
3 - Q, %y .7, I
of photon energy for singie crystal - i Lxsw:cm S— i
lcad sulfide cleaved on {100). g 10° - Aty "’g__-]“"=
a
Both natural and s;nthetlc cz'ys]jals K % SR CTIs DATA GNSHY
were used, a = 1017 to 10l - S 0t (B453]
Crystal thickness varied frcm 0.7 h :
to 350 u and corrections were made g
for reflectivity. c 10 o=
g
S \
= yeil oo
+ -g 2, 123
+ Data taken at four fe ﬂm:ﬂ.mﬂﬂ/ x T3 WRRNEE R
% sample thicknesses. 2 10 Csred
v 2 o4 2 3 2 5 54
Wavelength (u)
[Ref. 577]
1
- sPhoton energy (ev) Absorption coefficient, as a function of pho on 1
~ 69— 2! 12 08 energy for 3 cleaved lead sulfide single crysi-l
g I (100) pilanes. The atsorption coefficient is
- shhl L calculated from the transmission corrected for
+ reflectivity (R=0.36):
5 4 -R)?
E o-10g L0 (1-R)? 2.3
5 ' X
W 3
9 I, = incident illuminatior Thicknesses
2
£ B 1 = transmitted illumination A 1600y
T 1§ Mocsedesepe-soppantes X = ls the sample thickness E 500
e . C 190
oL
2 ¢ 4 6 8 0 12 M 6 variation due to thickress
Wavelength (u) is slight.
(
[(Ref. 376€]
1
145
i 6
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ABSORPTICN

Wavelength (u)

_5x10'87cnd
06—
0.5}— 1x10197¢m3
o
“a

0.4}—

Transmittance (Arb Units)
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A.

wavelength for two epitaxial single
lead sulfide films at 201°K. Sample
ness 189-390 f.

——— Theoretical curve caiculated

- ——

SN e gy 4SS, ik R R R LA

Transmittance as a functlon of infrared
crystal
+hick-

for:

Mobility = 350 =n?/Vsec

Effective mass = 0.10 mg

Optical dielectric constant = 17.3
tatic dielectric constant = 174.4
Two carvier concentrations

n = 5x1018ap-3
© 95 - 19...-3
0.3~ ottt n = 1x10%“cm
02— A » Grown on heated substrate and normal-
ized t?gcoincide with theoretical curve
=3
ot i 610 710 | gi 16 ‘l‘: for 10*°cm at 300°K.
80 g 1 L ? B ® Grown on cold substrate and also nor-
Wave number (cm~*) nalized. [Ref. 2u929]
Wavelength (u)
200 180 150150 40 30 20 10 - 100 90
|
L Pyt i \ '5mdwﬂiﬁ
B. Transmittance as a function of ////’f
infrared wavelength for film A (above) 0.5~ s
at 77°K. s
— Theoretical curves calculated o
as above but for a mobility v —
of 3500 cm?/Vsac. o’ ///4”0/5"

Low temperature measurements show
minimum at long wavelengths due to
free carriers. These data indicate
a static dielectric constant = 174.4

[Ref. 24929]

Transmittance (Arb Units)

| | i

80 90 100 10
Wave number (cm~1)
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LEAD SULFIDE Wavelength (u)

08 10 12 1T 25 40

ABSORPTION ~ 0 rrrrrTTrrrrrT
~ e 5 20 24 30 40
Absorpticn coefficient as a function of photon 5 .
energy for films and single crystals of lead ~ 6
sulfide. 1)-Film with small-grain structure E el
2)-Film with large-grain structure; 3)-Single R
crystal; [3453]; 5)-Exciton absorption curve. g BF
” L] ‘H
The inset enlarges the curves from 0.7 w i0 -
to 0.3 eV. Curves are calculated from 0
"y : o 8rp
transmission and reflection data taken -
on chemically produced films. o 6} e
L‘ 06 0504GC3
.. o 4
Above 3.Zp the films show additional absorp- i 1§ 2-
tion which is grester in reflecting mirror- 2 2
like films and less in rougher grained struc- < 0 1

tures. This is probably due to increase in 7 15 1.3 i1 030705 03

structural defects. Photon energy (eV)

[Ref. 13776]

Photon energy (eV)

6.2 4.1 3 2.3
M T T T 7 10 .. . .
Transmission of lead sulfide.single
’Tuooo crystal, thickness 48 microns.
[N = 2SR .
1 e Relative spectral response of lead
| . .
| —~ sulfide photocells. Curves show shift
e in maximum with temperature. For a
() . . N .
0 section of this thickness there is
o . A R ..
o '00fF - considerable variation in transmissiomn
(&N . .
7 —~ with change in wavelength of
Q . N .
o = 1llumination.
~ g
r 4
o of R [Ref. 7815]
i [V}
(9] (0]
v ot
o, E
)] 0
c
® I
s it &
')
]
Pd} I
o 2

Wavelength (u)
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LEAD SULFIDE

ABSORPTION ‘
Phcton energy (eV) '
62 25 L2 62 25 ’
1 | | 1 1 ! i I !
2 =
o 1
|E |
o ]
o 18 - B
A *
" 1
= s
g i
i i
': 1= g §‘ :
@ 1 ]
8 s - P
c }
o) i
o
+ = -
(e
<
0] A
[7)]
0
< 3 —_
] o
L L1 1 |- -
02 03 05 07 0 5 20 . 3 5 T 10
Wavelength (u)
The absorption coefficient as a function of photon energy in
chemically deposited lead sulfide films at 300°K. [Ref. 3uuy]} ]
The data taken here covers a wide range of the spectrum from infra-red to ultra-violet i

and shows several of the energy states given in the energy band structure in Refs.
(13554 and 22572). The most apparent result is a large rise in absorption at 1.3 eV.
This corresponds to the smallest vertical transition as shown on page 41 . The rise

in absorption at 4.6 eV corresponds to the transition between the top of the full s-band
[} at 2.73 eV to the top of the K; band at 1.56 eV seen on che same graph. A marked

band extends from 1 to 6 microns at an absorption coefficient of about 10% cm‘l, and is

apparently a result of film defects.
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Absorption ccefficient a2 (108 cm™?)

The absorption coefficient as a
function of photon energy of
single-crystal lead sulfide
films at 300°K. The two solid
curves represent the results

of Avery and Scarlon. The
experimental points lidicate
that 7ilm thickness may vary
from 0.37 to 2.36 microns
without effect on the absorption
coefficient.
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Absorption coefficient (cm"l)

Wavelength (u)
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AVERY
io* |- [3u52]
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[577]
10'L
Film Thickness
3L (microns)
A 0.37
o) 1.32
A 2.3€
102k
lo J 1 1 § I\ 1 i
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Photon energy (eV)

The absorpticn coefficient squared as a
function of photon energy in single
crystal lead sulfide films at 300°K.

.o} ]
o [Ref. 17982
0.8¢ 4 Scanlon [Ref. 577]
035 0.45 0.55 0.65

Photon energy (eV)
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[Ref. 17982]
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Wavelength (u)
Absorption coefficient and log 124 62 4 31 .28

transmission as a function of . o .
photon energy for a lead sulfide L 5 §
film at 77°K and 297°F. This o @ =
is an epitaxial single crystal halb )
£ilm, .03% microns thick. The i © w0 -
absorption coefficient curve 9 =
is calculated for 300°K from S 4 b
reflectivity data. rap 0.5
o 2 g
I, is incident illumination e 0 =
I is transmitted illumination ) Oo ) 2 3 4 5 6

Photon energy (eV)
[Ref. 14189]

Wavelength (u)
443 387 344 3.0 2.82
1
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e B S S St B S N B The measured optical absorption edge i
& '4: - in epitaxial single crystal lead !
o o2k & sulfide at 77°K showing the Burstein-

g F ] Moss shift. Calculated curves for

& ’o: § the absorption coefficient are shown

Y T=77°K 1 assuming the free carriers to be in

o - / Nzll'-’"omcm'sl one parabolic and spherical band

6 E‘ng‘é;oe"v'%_ located at T or in four ecuivalent

o) 4: /-—-— Cglc. pure crystal] parabolic and spheri-:al bands located

2 - J=— Cdlc. 4bonds  { | at L. (See ENERGY BANDS) !
S i (éolc. Ibond A

o L B ]

(0] O N U (NS U SR P PO g e

2 OG2t 032 036 040 044 [Ref. 16127]
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Transmission as a function of
wavelength in chemically
deposited lead sulfide fiims
of three thicknesses.
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[Ref. 11580]

The absorption of 10 Gc electromagnetic radiation as a
function of the magnitude of voltage applied to a

lead sulfide film cn a mica substrate. L,y is the
field strength in V/cm sample length. The decrease

in absorption on application of an external electric
field is due to tendency for the electron drift vel-
ocity to saturate at high electric fields.

[Ref. 13968]
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]
CARRIER DIFFUSION
Effective diffusion length in chemically deposited lead sulfide films at various teiper-
atures, and flux intensities. , § i
Flux (101" |
L, (10~%¢m) photons/sec) Method Temperature °K Ref. !
4,2 ' 8.5 Photoelectro-magnetic 187 1700
meisurements at 9kGauss
6.0 8.5 192
4.0 8.5 193
5.5 14.5 ' 193
7.5 5.25 193
€;§ 4.0 k.0 193
2.2 11.5 225
1.9 7.0 225
4.0 3.2 225
5o 1.9 225
2.5 7.75 . 297
4.0 3.50 297
4,2 2.15 297
4.5 1.0 297
4.2 0.35 297
6.0 2.2 298
3.2 13 314
4,2 8.0 314
4.5 3.5 314

The effective diffusion length Ly is calculated from the recombiration velocity

2 ¢B -8 ; . A
s = ¢ NLxd; =0 » the denominator represents the hole carrier zoncentration

times sample dinensions. The diffusion length L may also be calculeted from (Dt)%.

(" Film thickness is about .5 microns.

[Ref. 77002




- ]
LECTRONIC |
P RORPERETIES |
] mpic NEOBMATION '
' |

AR FORCE MATERIALS LABORATORY

REGIANCH AND TECHNOLOGY RIVISION
AIR FORCE SYSTEMS COMMAND

| C ENTER O

L

PREPARED BY ELICTRONIC PROPERTIES INFORMATION CENTER ¢« HUGHES AIRGRAFT COMPANY, CULVER CITY, CALIFORNIA

HEE e e

LEAD SULFIDE
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CARRIER DIFFUSION
Symbol Value (10~%cm} Sample Method Temperature “K  Ref.
L I This diffusion length Photovoltaic 300 290

is associated with a
lifetime 1 = 8 microsec

%

Flux (101" Test &

Ly (19‘6cm) photons/sec) davelength (u) Measurement Temperature °K  Ref. N

.26 11.0 2.1 PEM* 293 7700 ('8
.23 2.0 2.1 at lOkGauss 293

.067 .5 1.25 295 3
075 1.25 1.25 295

<29 i1.0 qu d 19¢€ £

.28 2.0 2.1 196 3
.05 3.5 1.25 194
.08 1.1 1.25 19y
.05 4.7 1.25 195
.05 3.0 i.28 195

3 3
"Photoelectro-magnetic

The effective diffusion length is essentially independent of temperature and light
intensity. The change in Ly with wavelength is not large but it is larger for the ,
longer wavelength. The minority carrier diffusion is about the same value as the - 8
film thickness, so that surface phencmena govern the recombination process in all
phases of photoconductivity.

[Ref. 77CC]
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Mean Tree Path

Symbol Sample Test Measurement Temperature °K Ref .
Ln* 210"6¢m calculated from 300 4602

mobility data

*The electren mean free path (L) is calculated from Ju/‘+e \2nmkm) . ‘lhis formula, is
essentially, with a factor of 1.8, identical to L= (D)%,

107 i
o n-type
. ¥V p-type
— v
'E:'
3) (] == —
) — 10 f
i A B
1k T o ’
] A
] " I
; ¢
& ’
T . —
] v
9 0
&
—~
10% 1
10 102 10°

Temperature °K

s Reciprocal mean free path as a function of temperature for single
o crystal n- or p-type lead sulfide froem 77-600°K.
Calculated from Hall mobility data.
Symbol Sample ‘n, 1017 cm-3
o n-type 3.6
v p-type 0.88

[Ref. 288]
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CROSS SECTION

Symbol Vaiue (cm?) Sample
9, 10747 Synthetic
‘ sxane crystu;, n-type
= 7.1 x 1017 ™3,
“n 10721 Films, 8 x }0-“ cm thick
n
n =12 x 105 em™3,
.24 Q resistivity
o 1.2 x 10719 Effective cross section
calculated from
recombination radiation
and optical data.
PML i = Photowmagnetoelectric effect
Pt is Photoccoaductivity f

e

16

Igpgerature

PME &
?C measured
at 77°K

PC at ,

300—320°K

77-522°K

Ref.

7170

3589

14453
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LEAD SULFILE

DEBYE TEMPERATURE 6p

9p

149

159
1357
176
igy
1990
197
202
207
218

21y
217
212
219
22¢
222
223
223
225
225

227
2360
227
227
226
226
227
228
227

PREPARED BY ELECTAON!C FROPERTIES INFORMATICN CENTER « HUGHES AIRCRAFT COMPANY, CULVER CiTY, CALIFORNIA 4

25
30
35
My

45
50
55
60
65

70
75
80
85
99

g5
100
105
110
115

120
130
140
150
180
170
180
190
200

s W S s

e
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! C ENTER

TSR . MRS T T IS ] e

Sample Ref. 1

Calculated from molar 6001

heat in synthetic single

crystal lead sulfide,

O)gg0k 150 (2 em)”L, : é
/
i
1;?
i
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DIELECTRIC CONSTANT

€p (1) € (2) Ag (u) Sample Temp. °K Ref.
: g 16.5 1.8 0.68 Calculated from the 373 22079
: refractive index for
17.4 16. ) singie crystal epitaxial
E L 97 films at A = 2,0-15.0 u A
E 19.2 17.6 1.47 77
i (1) n2 v A2 extrapolated to A2 = Oy, no2 = B
(2) (n2-1)7} ax~2, evaluated at 3 temperatures
3 Symbol Value Sample Temp. °K Fef.
H o
¢ Ew 17.2 Single crystal epitaxial 300 17198
film, 0.2-8 p thick cal-
cuiated from n? " A% for
A =0.2-8.0 ¢
Eoo 16.8 Single crystal n- tgp 300 13718
epitaxial films (n? v A?)
) €, = optical (high frequency) dielectric constant
| €, = static dielectric constant

18
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DIELECTRIC CO!NSTANT

R TR TR T 3

EE Symbol Value Sample Test Measurement Temp, (°K) Ref.
€9 1€1.5%0.6 natural single microwave at 25 Gc 26152
crystal galena,
pv3Qem
€, 17.3 epitaxial films- IR transmission at 300 24929 {
180-500 & thick 77°K and 300°K ' :
€, 174.4 n=5x1018, 1019m-3 " " " {
é:} €, 140%20 natural siagle IR transmission 26151 ;
crystals and reflection :

n = 10!6cp-3

RIS

i
L
:

B
A A R b e
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N—
LEAD SULFIDE v
DIELECTRIC CONSTANT (¢)
Photon energy (eV) |
25 12 083 062 050 04 035 i
i8 v 24 p— :
(a} Reel Part ] ‘o) Imoginory Part R
- P PRy - 8 \ i
g l‘ LS o . f;“:— -;>g 3 ' 20 ‘.
: | s e e \ ';
o P & "L L. i
G 14 for e 16 : — !
(9} ’ ’_/' D s ! \*‘ .“
9 2 A1 —PbS 5 (Polished, Heavy) J 12 o — Ny 1
S / 7 (Cicovage) n < }
17 e ook R o F o2 ook C
e ¢ 10 ———l v p 8 SREXSan SESB PN
ool | 8. : R -
& o R | (R [ (e " A
bl 58 - 4
< (8] 05 o) i.$ o 25 3c 35 Q 08 1.0 i.5 20 2.5 30 35
&

Wavelength (u)

In (a), the real part of the dielectric constant, caleculated from n (1-k?) is plotted
as a function of the wavelength. In (b), the imaginary part of the dielectric constant
calculated from 2 nck is plotted as a function of the wavelength. The samples are a

#’ | series of natural and synthetic single lead sulfide crystal, (100) oriented.
|
|
\ Sample no. Type Material n (in!7 cm™3)
) p- natural 600
7 n- o 4.5
ﬁ’ 9 p- synthetic 200
; 10 p natural 13 .
11 P synthetic 15
12 n natural 70

15 n " 0.6 ‘;;

[(Ref. 3u53]
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LEAD SULFIDE

DIELECTRIC CONSTANT

i 12 08 or 086 05 oV
[ 20y T
+ 300 ®x
o e The refractive index squared ac 2 func-
- R tion of the wavelength squared for single
B S,. o crystal lead sulfide. The peak at A2%8y2,
. § e (2.8u), is the result of the increase in
9 E “*kﬁr\\4 the extinction coefficient at the absorp-
g‘ s . e w0 o tion edge. [Ref. 13718]
(&} A.ﬂ(UZ)
Photon energy
9]
o
f_': 21 2 L * 2 ~
Q
Optical or high frequency dielectric con- S E .9L____141*~
stant, (£x=n%), "~ wavelength squared for :g 3
single crystal lead sulfide epitaxial films, . 2 e
at 3 temperatures. These curves describe v o .
the contribution of the free carriers and oo 'zlé - ‘10 elé‘ = =
lattice vibrational modes to tne disper- g} N 0w
sion and are reliable at this wavelength A2(cm?) §
region well below the absorption edge. Y 770K * 300°K d 3730k g
[Ref. 22079] ' "
Q
— g t‘.‘ 20
- i
iR -~
nYg e _—-“--...--o
5843 18 ' - L 4 1 R ok
o 40 80 120 160 200 240 280 320 360 400

Temperature (°K)

Optical dielectric constant as a function of temperature for single
crystal epitaxial lead suifide films.

[Ref. 22079]
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EFFECTIVE MASS (m*)

4 reduced effective mass

22

‘e i et kS

Sample
Symbol Value {(mg) Single Crystal Test Measurement Temp. (%K) Ref.
my 0.22 n-, p-type Hall and 77-200 288
; _ . resistivity to €00°K
m, 0.10 n=101%-1019 cm~3 " &
(good only ug
to Op (194°K)
my 0.22 pure, natural electrical 100 . 19724
: lead sulfide '
n=3.5x10!° cm3
my 0.66 M " 300 0
ES ] m,.=m 0.2% n-, p-type thermal emf 300 367¢
G B n~"p AN
¥y n " 10*° cm
; % my 0.12:0.01 natural (galena) optical reflectivity 77 14838
‘ n-type, (100) glane and Faraday rotation
n=7.5x10% cm” {magneto-optical)
m, 0.14¢0.0u n-type, (100) plane magnetic 4 19043
n=3x10'% em”™ susceptibility to
¥ 125 kG
{ my, 0.1760.012 natural (galena) Faraday rotation 300 22573
Y n-type, A= 3-5uq
n v 2x1019 em™?
9 mp=my, 0.17 n, p-type Hall 150 11386
= y, =My, 0.50%0.20 " thermal emf 800-1200 "
m.**  0.118:0.01 (100) plane magneto-optical 77 16127
n-, p-type
¥ 0.11500.01 epitaxial films ]
{ mi 0.055%0.003 natural crystal Faraday rotation
(unstrained)
m 0.0515%0.002 epitaxial films L
B Mo is conduction band effective mass, my iz valencc band effective mass

e e A .
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EFFECTIVE MASS (m*)

Symbol my my Method Temperature Ref.
M .080=.01 .105%.015 Snubnikov-de Haas uoK 24930
Measurements
my, 075,01 .105%,015 & " "

In both bands the constant energy surfaces are prolate ellipsoids of revolution located
at the L point. Mass anisotropies show a weak dependence on carrier concentration

which, for the two samples of p-type lead sulfide was 3.2 and 2.5x1018 em™3,

m¢ is Transverse Cyclotron Mass
my is Longitudinal Cyclotron Mass
m, is electron cffective mass

m_. is hole effactive mass

23 i 4
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EFFECTIVE MASS

":é = o

tive Mass

rec

EfT

o X
Log

% coefficients. 1) r = 0 and
015

.

n varies from 1 to 1018

my® = 0.22 m_ at 3G0°K is

-

%3
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L

0.8}
04}

35

2.2

24

2.6

Log Temperature (°K)

2) r = 1.
m-3

.

The samples are natural single crystals and

2h

: values, is apparently more pcobable than r = 0.

4 Log effective mass as a function of loy temperaturs calculated for two scattering

calculated on the basis of r = 1, which latter, from meclility

[Ref. 22574}
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80
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LEAD SULFIDE

ELECTRICAL CONDUCTIVITY

-1

& c
U ';
&
§ GOE .
* o .
e i =
0 = .
-;j ]
13 ® i
3 -t
E 490 ]
3 A i
ﬁ ..
Ry ) 2
- ]
< -
“ -
2 A
~ 20 -
“ ]
10 : 3
OEhJillllillllAlll&-

160 200 300 400

Teiperature (°K)

Electrical conductivity as a function of temperature in natural single crystals of
lead sulfide. Crystals were homogenecus with traces of cadmium and silver.

[Ref. 22574] L :
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LEAD SULFIDE : Temperature (°K) is

- ]
ELECTRICAL CONDUCTIVITY 7 500 250 125 100
~ 358 ‘,ﬁ
= o
§ d
o 30 =
-~ S3A
Log electrical conductivity as a functiion of fJ' 2.5
reciprocal temperature for single crystal > c32
lead sulfidé cleaved on (100). Carrier 3 -
concentration values from 1016 to 1018.m g ’ X
‘ in these natural galena samples, but more g b
e definite sample data are not available. : 1.5 . Wisconfi/n‘b/,-
¢ Ay
- Yo A
& e M A2 //
4 o Wiscomin/ I
» -~ 0.5 H C
7 w | i
1]
1 vl 0 4 t
i 0. LT WFC30 1
f 8 0 R
1/Temperature (103 ok-1)
- [Ref. 2833]
- Temperature (°K)
i G
[ £
1 £ 800 333 20C 1] 77
$- - MOTEE
{ - - at ] Log electrical conductivity as a
: 1 ’:‘ 1.0 3 A function of reciprocal temperature
= :4 = ) for comprou.ol powder samples of
] 0 lead sulfide, sintered at 1100°K
' Y a3 1 ] for several bours in an H,5 atme-
o . .
j ) , 1 8 sphere. Block dlensity is about 80%
L4 ; 0~: B of « uingle erystal., 2 p-type samples. .
i 0 T See page bt for further discucsion)
L 2 .
i = '
= ' -05 i | | Ret. 390u]
i L, P03 5 7T 9 n 13
5 i
' i} e L/ Temperature (I k=1 %
o 1

e
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Rb S AT e T

Temperature (°K
LEAD SULTIDE . )

ELECTRICAL CONDUCTIVIT? = 2 2%
o~ 2
v %
£ EI:i th I
Electri.:al coaductance as a function of o A
reciprc :zl temperature for p-type lead =7 sh-ie
sulfide films prepared and maintained o
in a nitrogen atmosphere. =
v
2 5
, @ 8
n, 1016 em?3 5 ‘
3 I
g
A 7.5 g 5 l
X 7.4 o ’r? ‘.‘.
e 3.7 = 3
U
A 1.3 9 E
V 5.4 3 g '
¥ 4.0 0
¢ 4.0 IR :
[Ref. 3380] ‘J BENEN
220

30 .0
] 1 G
10° T3~ increasing sulride 1/Temperzature {10¢ “K=+)
— content
3 o' |1 .
0 lﬂ
(& ) \ -
- Electrical ccnductivity as a function
ol 10" of annealing temperature for a 1.4
i b microns lead suliide film. The film
e G had originally ar excess of sulfur and
= was annealed at T to remove varying
8 64 amounts of sulfur. Conductivity was
< | then measured for curve,
E; 4
3 10 = ¢) at 20°C
£
£ . /
$ Y 1 L) at -203° (liquid air)
E:‘) y y
10 b —— ——
10 —
300 300 0
(Ty) Temperature ©C [Ref. 58u4]
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Electrical conductance as a funation

of temperature for various oxygsn
pressures for a vacuum evaporited
n-type lead sulfide film, 0.026 microns
thick. Carrier concentration 1017 cm-3,

MM OXygen pressure

1. 6x 10°
2. 2 x 107"
3. 1 x 10-3
4. 2 x 1073

These curves are reproducible.
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Eiectrical conductivity as a function
of oxXygen pressure for vacuum evaporated
n-type lead sulfide films as a function
of prescure. Films 0.7 micreons thick.
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ELECTRICAL CONDUCTIVITY
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Log electrical conduccivity as a function of reciprocal temperature
for vacuum deposited lead sulfide films at:

a) 10 Ce
b) dc

[Ref. 639]

4

Microwave conductivity of layers depends much less on temperature tlLan does dc conduc-

(L tivity. Anparently these films are inhomcgeneous layers of crystallites separated by
regions of low conductivity.
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-’~'=‘\“k“~k~gi‘ Eiectrical resistivity as a fuunction of
= reciprocal temperature for natural single
ol crystal n-tvpe lead sulfide, in an argon

2 atmosphere. Curve 1 - 700°K maximum, and
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N changes in composition. Curve 3 at 919°K
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R

TJectrical resistivity as a function of reciprocal temperature for ratural single crys-
tals of lead sulfide.

The natural n-type crystals were held ot 300°C in sulfur vapor roy 20 hours at various
pressures from 3.16"° to (.3 mm Hg and then quenched to 20°C. The rescltant n-type
(excess lead) samples ave shown in (a) and the p-type (excess sulfur) samples are shown
in (b). Carrier concentrations are shown on page £3.

The ireatment is reversible; the crystals may be changed from n- to p-type and back aga:in.
Measurements are reproducible.

1 This curve on both graphs represents data taken ca untreated synthetic crys-
tals, preparad as n- and p-type samples.

+ "Natural" This curve on both graphs indicates the untreated natural n-type

lead sulfide crystals used in the experiment. _
[Ref. 3612]
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