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. ' \ . CHAPTER II
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«

9.1 Hall Effeet and Electrical Hesistivity

L

, [ .
The Hall effzet occurs when a current-carrying material

in subjected to a.magnetip fierld perpendicular to the direction of
. . .

»

~the current. The migrating electrdns crowd, to one side of the
. material due to the Lorentz force acting on them and thus a potential

gradiant is developed across the material, Fipgure II-1 shows the

-~

.

|
directiona of the anplieé-cqrrent'and magnetic field on a parallel- 4
. |

piped sample and the sign convention for the Halfidvoltage, VB' is

-

_~taken as indicated in the drawing, The lall-coefficient RH inm

given by , .

[ N
G - ’
Ry = Yt , g ' (1h-1) ~
f td IB ‘ .
3 , . "’
where RH is in cm3 cnul%mb71, Vi in volts, I in.ﬁmperéa, B in qual'
A ’ , ) !

and t, the thickness of the manple, in cm. .

, i 2
Under isothermal condition the'Hall coefficient of an o )

isotropie semiconductor can be related to its charge carrier con-
[ ( ) v

centrations. Futhermore, RH is Yindependent of the magnetic field

i -

intensity if the weak field condition is satisfied, that is/u.B «<1,
S .
. (and}p.ia the mobility of the chnrgé carrier, For the casg of ‘two

types of charge carriers (electrons and holes) the Hall coefficient

L)

is given by
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« s .where "n are the .mohility ang concentration of the clectrona
n' i

3 o N -

and /+6, p Lhe cnrrcsnond%ng quantitics of the hole; =nd ¢ is the |

. - . . . A
electronic charge. The scettering facior, r, 18 defined as
w A Al H ¥ A

;o U | ! |
. { = <T /Z . 3 (11_3) i
< S _ <T~>» ' \

where T is ihe relaxation tine and the ‘mean values,d >, are “taken
M - 3

» '
o - o

B . ’ -
\\Evor the Fermi-Dirge distribution furnction, Letting the mobility
= .

)

ratio.to be - b

i b = 2 f | C () )

. * ¢ P

.-’ . ) 2 - : \ ) v
. ) " Q. = -—_’:...ﬁ_’_"__l_"_,ﬂ . , - (11-5
H < ' .

. 2
. {bn+p)”
; PN “ " 4 » i .
lleace, for p>>n, Ru is fositive; for n>> P, llu 18 negative, A .
“reversal of sirn of the Hall coefficient occurs at linll zero where /
. - . , \ .
2 (
n=p . . ° _ ]
I - For a picce «f semicounductor of pakallelpiped shape the
et eaistivit . -7 . L
, elgttixcul resistivi y,JO s, 13 gziven by ‘ \\k\
. P - Vr fuf ' ‘ t . (II-G) . .
’ ’ . I X - f Vi .
, . “ . . . ) '

where Vr in the voltage Hrop letween the two measuremend p’r:)bes,

"

X is distance between thém and.wis the width of the sample. °

- -
. “ ¢ '
L]
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oLy wvhere ¢ is-the elecirical.counducitivity,
» .

'\ \ . .

-
3

cifect measurement. IU is derfined as
N s

. »
] ,QH — _Ed. SRR

q

oce.carrier srystem. For p.5 u, equation (11-4) and (1I-G) becomes
; ) )

—

. Phe liall mobility is u freqhqntlylused quantity in lall

A

(1;-85

)
.

This quantity hes rcal physical signifitance only in the case of a

.

°

R, = L 5 (11-9)".
“pe NG
. S and’ /o' = A > (11-10)
‘ <) . Mep ' :
. , . ’ 'r - : ) l R %
Licnce ;o= . . -
e =) SEREE
| Lo : e 7 .o o 2 :
| i
| Similarly, for the case when ns> p ’
* o ’ N v L) N
S <7 /u# = r7AAn Lo ' - (11-12)
L S : .
. cLL g . :
2.2 Carricr}xobility and Scattering Procesacs .
1} -
‘ . ‘ When a weak eleetric field L i; applied to a.semiconductor
B !

' the average drift velocity of.a Tarrier is given by

. ' .’.’.' U"::/CLE - .

-

‘ - " © - ’ . "
1 The proportionality constant /L is known as the mobility and,

S - )
-~
4 . ¢ ~
) . P h
M L
4 " -,
. L ~ « j ¥ {
t N - “
f '
- . .
/ o -
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vhere mT1s thye ¢ffective mus~ of the carrier. If sthe epergy band °
. ' Lo ‘ '
is not paralclic the vifective mass ir a Aunction of enerry and
* - . A a~ o ‘::\ .
Yence shouvld be ircluled in'the averaping process, Trnerefore,
s .

2
for non-peralolic energy band
- q . ~

Y .

M= e(,;f

-

> gzx-is)

v

. b

° . Y
When ‘there awe lbxp than one zoattering mechaniegm gffecting the
. ‘e . . . ' i L
charre earriecs the cifective relaxationetine Tp rust be used in
ro,

5 3
PR

equations {IJ-14) and {1I-15) .o calculate the carrier mobility.
. - . )

- ’ - » .
. . The effective relaxation Llime 18 given ag- «
\3 : N ] - ' .

- Ao L (1I-186)
. S . T . 1; Ti\ . - ‘

. '

B

@
vwhere 7: ,T}iw .. are the celaxation times for the different

‘ <

scatteringe maodes, S
A »

Decuause af the conplex:ty of the calculationa the

1 <
B

| =)
-
<
&
o+
oo
]
3

. y ".'of a relaxdtien time for a particular tvpe of scettering

. . is not presented., ‘Instead, sthe najor types of scatteriug processes
o o Kt ~ . - N . .

.

- d Ero drscussed qualitatively, In general, the mobility w
- . , . t

doterained at low teoperatures by cryatal structuré def

, \ <4 . ’ .

fupusiities, and.at higzh temperatures by vibrations of |

N

»
Lattice vabrations are of two types., Acoustic vibratijpons are those

Y

in which an atom of o crydtal and its nearby neighbours vibrate in
- »

\ .o i L _' .
phase. Optical vibratiens - are thode in which two edjjacent particles

I » t ’

. . .
» )

. % / -

. R , A ' .




-ionized impurities vields a mobility which varies as T

+

[

Ve
1)

move in opposite directions {out of phase). Earfy calculations of.

mobility by Bardeen and Shockley (18) considered only acoustic-mode

-a3/0 ¥

scattering. Thig leads to a mobility/;hi;h varies as T . Lxperi-

X -1/2
menzallv observed deviations of the mebility from the T / dependende
"~ “~ 3
arise from a variety of competing effects, including th{ non-spherical
] N . ’ \
enerecy surfaces of some semiconductors and the scattering of the more

[}

energetic carriérs at higher tempcra{ures by optical phonons.

[ N

The presence of impurities in the semiconductor also con-

e .
1

tributes to the scattering of the charge carriers, Scattering by

m3/2
/2 (17,18).

ﬁn gxpressiun'fnr the mobility which results from neutral impurity
scattering was oytained by Erginsoy (19). Thi& expression shows

that the relaxation time, and hence the mobility, is dependent on

the concentration of neutral impurity in the semiconductor, With

this tyne of scattering process, the mobility is affected by the
temperature in a ratépr indirect manner. . At very low temperature,

the neutral imﬁur{tf concentration increases with decrease of tempera-«
ture causing tzf mobility to chapge. However, at atill lo;en tempera-

ture, the neutral impurity concentration becomes constant and hence
3

the mobility is independent of the temperature.

»
-

]

2.3 Charge Carfier Concentrations of Seniconductor with Rprabdlts

Y
&

Band Stru?turc
s A

. Under conditions of thermqi equilibrium, the encrgy states

‘which the electrons in a semiconductor acquire are governed by the

Fermi-Dirac distribution function, MNence, for a given temperature T,

§




¢ - B ° .- Cws e
the probab 'L’y »f Jxeeawr o8 sleetro:r dn o -0 ol onerayow Lo

tiae (onuusu Pasie oa, ' . .

v . ”

1 * . . ~ ' I

C(E) =, ! - (1i-17" g
b <)+ exp[(E,-—EF)/kBT] , . {\
| ) Y 4
where EF is ihe Fermi level and kp is the Bolizrann's!/ censtent. -

- * 1 3
» The nrobability of fanding A:rgkﬁctron not occuvying & atate of
. 4
cuergy L, in the velence band is .
! T S
It e (6 e k]
o~ N R P . .
For a semiconductor with a large energy rap, (LI—LF) and

~

. RLF-L°) arexmu??greater_thnn kBT; and equations {(1I-17)'and {11-18)

1 -4(E,) =

.

- N\

reduce to : .

g /

7&(5,):__:__ (11-19)

. exp[(E-Ep) /kgT] 13,
7 -
and o) _ F £ = _ (11-20)
4 2 6’;(}0 [.(EF ’Ez)/kéT] : T

The clectron and hole concentrations in the conduction

and valence bands arc respectively

no o= Ngexp [(EF"EC)/I(ST] {11-21),
p = N, exP[(Ev’E;)‘/kBTj (1i-22) ~ . °

-

where EC and Ev are the band edge energies of the' conduction and
! ) ) < -’
valence bands. NC and NV are the effcctive density of stat{s

-

given as ’ \ "y .

e -

LI



N

/

» ‘ / -I," . "Aliwr
v 2T N R TR (11200
¢ . . N 3.2 ,
N, = 2{2TTm" kg /L) - (11-24)

Y
ana

& . , .
where A y are the dencity of state effeclive masees of

electrons and holes respectively, If the semicondiictor s intrﬁgSfb

LR Saet)

)

I

the ‘electron and hole concentrations are equal and the iotrinsic

v

- &
c%;rier concentration n, 1is. .
i

o= =p

' : | (11-25)

G L . . . \
ant “Tor slightly doped semiconductors . ;

\
L3
.,

“
' {
7

{11-26)

/j 4L2 — n/y ' :-_: * /'\/c NV exp K:E.}%LBT)

' .
. '
[ v y
) i
i 3 » 1 \
o

) N o - .
where L& = LC-EV is the energy gmap of the sericonductor,

' / R ’ . A
Consider now the case of an n-type semiconductor ccntaining
A

e donor impurity coucentration XD and an acceptor impurity concentra-

. > . R ~ , * [N
tion EA Arsune that each donor atom .and each acceptor dton can J?
- “f\- - ) » . ’ . )
furnigh one charge carrier,, [rom the condition of electrical
~ v '

* P
neutralrty, '
9

fos .
, Von = bt (Ny=ty) = Ny dy+ Ny, (11:27) -

vwhere fD is tne probability that the donor atom is not ionized and
- 6
f, is the probability that the acceptor atfm im not jionized and L
¥ : ' oy .
: _ s TI-28
, fo= {1+ 3'1 exp [ (& -ER)/egT]} (11-28)
D .
£

~

ro
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The ;%utpu‘i v s onaven Ly oa osimilar cnorcouocu. - Ll
s \\
pgualion oo s dag 4 u%&: gtate oo btz durer o alaett o Lo
N i )
At Ctre Tecoo o v b depeoneracy of vl g st wndon
L

usually. assuned to be 2, VWith n3»p, by using cqﬁations [rr-21)

and (11-28), and the fact that .\Di‘D>:>}\"‘!',L equation (I1-27) becones

Q@
~

n (n+°Ns) M

']

ARG A - . © (11-29)
My =Ny =1 . lLX'D[ (Ec ED>/kBT] }

"

S

where (BC-BD) ia_the iovpization energy of the donors,

At aurficieutly high Uamperatures the intrinsic-toncertration

el . - A
n, Lecomes large conpared to (hb—h\); equation (1I-27) 'reducen to
4 ‘e
a N
n2p. The scaiconductor begooes rutrinsic. As the tempzrature is

’
«

lovered, the electron councentration becomes a coanstani, -
4

-

2
[}

* % ,,‘: /\}D - A)A i (II‘JO}

This ie the temperaiure range of exhavstion where practiecelly neo
1]

-

’ . ’ ) .
eleztrens are left in the donor levels, At vexry low temperaturces
Y

[y .
'

N
when p<< Npj, equation (II-QQ) reduces to

. .
1]

Np= W, Na . ~- 7 )
b A 74‘ ex,s[_’:(fc-:p)/ésTj (11-31) -

,'\'A &

£

) > -~

MmN =

- . ‘
2.4 Tho Kane Model for Non-parebolic Band Semiconductotas

Vhep the energy bands of a scwiconductor is not parabolie
A .

_the equationa developed in scction 2.3 becoume invalid aand hence

v
.

a different band model has to be adepted. Kane (20), by means of
! .

the~£.p porturbhtiog approach, has developed a theory which -
[ ~

degcribes the band structure of indiumfantinomid® in the vicinity'
. 1) .

of-éaﬂ. ‘Kane's theory takes into account of the mdiual interaction




iz ' "
ot wiihe L 1o s eanda .nd e conduction b.nd il lead to Ah:
tello oo o0 suvaaee L—“jcc, reretionshipy:
- ~;_,":l' [y 2 p ia .
. E. L ATy ‘14’ +i[5 +§P—é] - (11-82)
« Z "o
R‘2£2 \‘ ‘ 4 ‘
F = . > . (11-33)
’ V, 2 m e
o 2 fp2 a " vz
£o- HHE 4 Ee :;J_[%?.fé PET® o (11-a4)
v2 2m 2 2 3 .
. 5 QX
. ) . p2p2 ,
EV = - A -+ —L % [t é‘*“‘_——P (44 35)
-3 2m 3(+4)
/. .
-’7‘ ' R . ~

. N L (d
LY . \ A + 7’
where L., L k... and £ ere the enerzies in.the conMuction
Cl \ ] \.() V3

heavy—~hola,” llz'ht~.01'= and- split-off waloncc bandn respectxvel) H

~

'llg ig tle priacipal tand pap at 1%:03 P is the Kane's momentun

oetriv clewent; A is the ampin-orbit splitting {'m-rgy;'ﬁ is the
Plancik's c«mstant/Z?C; n i;( the electronic rest mass; and the
i

energies are measured Trom the top of the valence band., Figure IT-2

1
L
shovs the energy band structure of indium antimonide as descr‘i‘b\ed

by th2 Kane's theory.

o ’ ‘ ) >
The Sane's model has been developed with the assumption

" thet the crystal lattice ia rizid and }mnqo,'be best approximated -~

by absolute zero temperature data. Ehrenreich (21) points out.
that, at finite teuperaturen, the value of E_ is affected by both <

the lattice Silation and interaction (vith the phonon field. Since

?
d -~

R s =
-
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: < 4
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‘ 4
S \ 15 ‘ .
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! v e duiess cvtea witamche pheaca fleldd prudiec: e boa o nadt e ,
é . . : :
- H 1 ] . ! ‘ . N . \\; e;
e . hend L e o Uoetrcane the Land curtanioe w0t w0 sl
. : 3
K ) drlaleen ot pregye s wienlarger chan e oa Lead cursaivae; L
LY .t £
N i = o " . <’
in equatlon'(ld—BQ), (11-31) anﬂi&ll—ﬂo) should be replaced by L,
- -, '1 T . N
) g , I : g’
the "effrctive mass band-gap",

Tvo properties concerning an bund edge effective masses of

the conduction aund ligat-hole vplenes bands can be deduced &rom

/ \1._»" - - K
. 4 ecuntions (II~32) and (II-21), It can be shown that Ly using the
v , ) , : . N
defTinition of band curvature effective mgss N )
m” = A ‘ (11-56)
S ‘f:/c(zz e : '
\und ‘valuating at -é_.-,o,. ’ - .
. " ’ | i ‘ .o l ! zE * '
mFe om * o~ 355 : (11-37)

. ~ . 1'1 P} P 2 3

.
B

' ' . ° ~
{ -~ where mp* and mlh* are respeciively the band edge eIfective mass of

- ‘the conduction and light-fole valence hande, lence, at 4éu0,'m ¥
I . .
B
, v . . _—
and ml“k are equal and are both proportional to E 7,
! - Yy . .
‘ | ' |
2.5, The Inverted Dand todel. of Mercury Chalcogenides

a 3

. : Tnas laTarned ot onitel waw tnnoadiced L Trasss o ant
: Paul (8) to ewnplain the haund structure of gray tin, A similar -

~ -

giodel was later enmploved by lHarman et al (22) in the study of HgTe
. R . ~
. and LgTe-Cdfe allova, | On the lasis of the results obtained from
L] i .

therno-clectric power versusa hydrostatic pressure measurcuents

‘Piotrzkowski et al ﬁ;) also arrived at the’ same model, The only

. differcnce bLetween the two propomed models ia the amount of /
e . 3 R v ’




- L4 v, 10

v T.nnyan ewena the comdiciion and hoavy-unle valewce bands ‘
iy .
[} » . ' - ‘
ad 'r'\', 'j‘\;g ’ . . ' \\ {

T - .
%’ .. \
. 170 Al :

Y1, ..o FI-" ahewh the inverted bend nudel of Kole. Coumparing

2
\

< this with Figure II-2 one car see that the, ordering of %the /Z and
| - . . ‘ ) X [ .
} /'"8 states ’. inverted. %“hat is usually %he light-hole *‘ar,‘alnnce-bayfa’f}'

of a cormal zincElernde structure compoznd. for exanple Iq§ , becomes
a ceaduction band tied by symnetfry to 4he heavy-hole valerncy band at
. / | + ° * .

£=0; and vhat is isually the conduction band becomes 2 light-hole .

"

"valence band separcted from the hecavy~hole velence band et 1@,: o

1

L Equations (II-32) and (34). heve.to be g0dified to describe the

- - »

»
. ," . P — A
wiil reference to Figure I1I-3, -

4

9 \ L4
¥ h . '
: ’ b &gl . ITe 2,8 prjaT% (11-38)
A\ —_ ‘ - AL “
: , Ec = Zm _2.2_+Z[3+3P J :
v | .
, ) - »
: 22 ~é e
i ; . -, _ Kk £ _ / [ 1 48 P’-éz_] 2 {11-39) /
s . C_/’é/‘—- 2m ___2i .2 [Ey 3 . ,
{ There is no actual encrgy gap in this type of band model, '
\ ‘ e
Eg ia equation (II-38) and {II-39) represents the energy saparation
€ . " ‘ -. . l{‘ + . /
. . between IZ and f; states and is defined as ' /
- EvE " (11/40)
...y FG t‘ré 3
i X : . °

For materials with gincbiende structure an y\lgppi g :
‘ ‘ . =

between the conduction and heavy-hole valencé band permissible \
at £40 in the direction of [111] but the amount is vefy

should be less than -10_4 ‘pv th.eoreti.cnlly (23).

. ¢

° | |
“ (& .
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.

Tt . It has ‘been pointed out by qu?es (b3)’that the usual

method of using the "effective masg eP€rgy gap” E;rin the“E-{é '

relationships at finite temperature is not valid for this type of

band structure, especinlly in the case of HgTe, "This ia sapported ',

by the results of recent mea-urements on lattice dilation (24) and

/ : . '
effective mass (23). The work of Piotrzkowski and Porouski (26)

, has shown that the quantity 7, defined as”’ Ve
. i . ) o
- o= fElm C (11-an)
) 4, . ' » . m‘ LIRS . . ”
| ’ -

L

is independent of temperaturc.. Hence equations (1I1-38), (II-29)
Qed.(11~40) are valid at finite temperatute'for the .inverted. band

-y 7 'structure. ' With the aid of these equations, it can be shown %that

. ¢
% «

the carrier concentration in the conduction band is giver by

- | 9 i -
' %

n = ——fl,[z; ,("}f%’z)%[g.['/z [%)*,B(’f-SS)%%—r.n ¢

-

3

- B ﬁz (ﬁ{l 2sf%. () - 4§/33%2(7Z)J (11-42)

. . ‘ 'ﬁ - __k_B_I -* 5 _ ‘—’E—f 7 %Z=\ .E_F
| ' gyl I m kT
~, , “ . . ‘ ’ .

Vsl

, * : : ’T — Ferni-Dirac Integral =,
. ..é (7) . ..
- o . ) -
. = E’J df ' )
’ o | +exp(E-1) N
. . , . , - . N '
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* 3

T 3 |
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$ .

iher'thermald band gap, is defined as ‘

v

- oo
AN
(11-43)
(11-44)
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ENPERIMANTAL APIAATUS AND ThCHNIGUE oA

3.1 laterizl Ircparation

- .

»

-~ : a
Mercury ztelluride cryﬁbois were.prepared by the ‘modified

'
-

N . . VRN ’
Brideman teconique using dircet synthesis fron their sgemrxeonductor
. 5 "

arade elettents, that 15, mercary Lridistg&lud and sexmiconductlor
grade tellurium frow Noeranda Corvany of Canada Ltd, Stoichiometric

emounts ol mereury and tellurium were positioned into.a gquartz boat;
.

) v

vitiek wes then sealed inside o auarty anpeule at 10 =n g

preszare.’ this was lhen suspended in the horizontal zone refiner

. .

\ ) .

usirg & silicon carbide tube, The hot zone, similer 1o that
e ¥

~ A ) AN : .
~described by Qgrnan et al (2), of the'zone refiner was sect at

ey O RS
6765°C and-the backzround furnace at 500 C to i1nsure g mercury o

-~ ¢ . Al

\ .
vapour .prescure of 15 atoosfheres inside¢ the ampeule to prevent
diSSOCiaS§5n} A travelling rate of 0.75 em/hr was used for synthe-

gis a3 well as for zone refining the jprepared compound, Polycrys-

tals contarming re single cryé‘cl segments (typicnl zrain- size

15x4%x4 pz) were obtained tynically after 3 zone refining passages.
<

Delyd-Scherrer X-ray péwdcr natterns of the synthesized HeTe
@

azrced'wiyh published duta (27), C T

‘
o

Similar konditions were used to graw the mixed crystals,

The- hot znnecteppgrature was adjusted each time to be approximately

.

\

-
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* 3.2 bsanmple Geonetry ’ )

. 2 .
Lontacty used for curvent and potential lezds tou conmrect

*

the liall saunple are geuerally more hithly conducting than the

' >
b2

semple itself. Since they have finité size they will distort the . .
. : , {

. <

potential distribution and heace the liall veltgre meastred Will be .

2 . P

+ - interror. 1he case which hac Leen moust extensively studied ia a “

»

3 v -
recthinoular parallelpived with the ends cowpletely covered with

. ’ < o . X " ) ‘ s s
v hirhly .condycting haterial te ensure pearallel current lines., [t is .

. . . ~ -

essential that the lenzth to width retio of the, sample to.be reater

e - ' s

.

or esual to 4 since a sunller ratio will proaduce shoriing «{fect . .

. £S

of the Hall tield., A -ood trncus3ion of thig cffect x2 gxéen by .

/ ‘.
Beer (2u). This type of sargplc has the dlnadVZnLngp.of difficulty -+ o

An uaking proper lall probe alignment and mechanically sound h Jor Y

« «
M - . 3

contacts in some materials. \ . .
4 . H

o "
) Van der Pauw {29} has derived a method of weasuring the

id ¢

liall coefficient and resiativity of arbitrary shaped samples. "

B ) 4
‘ \]

1‘ £ .
- , "This method is advantarcoud when only small single crystals are .

- ’
avairlable., The restrictions of thia rethod are thie scmnle wmust be | .

N 4 !
of constant thickness, there mist not be cavities in the erystal’

S
k-3

and small contagts must be made at the periphery of the sample.
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VITL wza e ARY D Thoae hrardee-shoeiad Saipoaon with

arizs are ofien uscd in place of rectansular pe 1Q}elp1peus for °

conventional i{all measurements, The advantapes dte Letter align-

wment of the Vall prubes and larger srvea for making centacts, The
5 \

. .

(a1,

current lines vwill tend te bulge at the 3ide arms and studies

.

32) of this cenfiguration show error in resistivity of about 297,

However there is no

effcct on the Hall voltage. .

v

3.3 Sample Preperatiodn 1 l

Slices of sinmle crystal of approximately 1 mm 1hick were

cut frem the 1nrota Ly means of o wire saw svecially Alesigned by
14 J ! ) 14

Pr. Bo &, Lortos for erystal cutting purpose. They were then
form thichneas of 0,0 i with

lajrodgto a un. #0200 alumina lapping

owder. A stninless sicel sencdblasting mask with exact dimensions
)

f

of the gamn slice of the crystnl were then placed on the -

. - ®
in rogition by means of melting wax over them
’ . ! ‘-
<A Hall sample wasa then cut from the
» .

by precision sandblaating using the 3, ﬁ: White

as 9ltown 1in

nodel K150 sandblasting unit. . A jel pressure of 20 nsipr was

required for ¢fficient cutting and ;620 alumina powder wns used as

the alirasive. Lacess undercutting of the sample wonld ceccur if the

B

abresive particles were allowed to be deflected by the hase p]aﬁe ‘

s

and heuce a‘lole wag cut on.the nlate just undor~vherc the cryatul

slice and the¢ mask vere paaitioned, After thv snudblnat&yg process
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a mash on the ends and the gide arms, This wvas necessury since

reaction of i1ndiun so]dgx witl l!inTe vas reported (33). Sipce all .
- %

the extremctivs of the saxple were bevelled, they werc cceupletely

wrapperd around by the gold contacts, Some dinension error wes
invariably introduged dur.rg the sandblasting and evancraticn (

- - <
procecaes, hnce the sample was mepsured with & travelling micro-
scope havinr an accuracy of 7,007 wa,  The gsample vas then con~

. . ’ N

nected to the sample holdzsr 'y :ndium solder using 0,004" diazeter
gilver plated copper wires. ihe contuctis were checked usinz z curve
tracer to easure ohmic corntacty. Figure 111-4 shows The aseombly

of the semple, sauple holder and the cample support tube.

- 0 N .
3.1 tLtxperincntal Apparstiys
3.141 The Cryustat . :

"The cryostat uxced in the Hall. effect and electrical resis—

t
tivity measurements is df type MuL-3L-30N manufactured by Andonian,

i = »

' o
The schematic drawing of the cryostat 1¢ shown in Figure I1I-5.

The seuple is moumted at the cnd of the sample support table beneath

e y

- - .
the thermemeter hoasine, A reustance heating wire which serves-as

/ A .

‘the’ sumple heater. is wound around this housing and is insulated and

held in place by means of epoxy. All c¢lectrical leads iunside the

sample chamber are connected to a hermetically sealed connector of

* . ™ v 1]
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type.hendix ITOOA—14—IOS}(SR). ,This cnnnector<;s located at the . !

't0p end of the,aumplo<aupport tube, The portion of the sample

qhamb?f/in which the sample 13 positioned is thermally shielded by
a radiation shield. This shield 18 cooled by the liquid nitrogen

. . ) ' " ?
in tle nitregen reservoir by thermal conduction. A pressure of lcss

-

MR Y] . .
‘than 10 mm Hz 18 maitained 1n the vacuum chamber by zmcans of an

-

0il diffusion pump to insulate the sample chamber from the outer

¢

, .
shell of the cryostat. The temperature in the sample chamber is

lowered by admitting liquid helium through a throttle valve and

N .
vaporization heater., The exchanre gas is extracted frov the clamber

+

by means of a high specd rotary pucp cocnected to the off-gas lin->

f;mneratures.from l.soh to 3500K are obtained by maintaining an
excliange gas pressure of 5 mm llg and by adjusting the pewer supplied
to the semple and vaporigation heaters, &xth thé Andontan A-8B ‘
manual temperature cnntrol_SVStem it is pessible to maintain tempera-
turé to withlp. 0.1°K over the entire temperature range. Two Fresis-
tance thercometers are used to determine the temperature. The'
AndoFian %G—IAC gerzanium resigstunce thermoneter is psed‘frum 1.5%
to 300K and the Andonian PR-1 platinum resistance thermometer is

\
used from 30°K to 350°K.

3.42 The Electromagnet

- The magnetic field reguired for the Hall effect measuréments
is supplied by a 12-inch Varian V-3900 electromarnet with a 3-inch
pole zap and a 9-inch pole face. DBy means of a temperature-controlled

Hall effect crystal probe'&he magnetic field intensity is maintained
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- N ) s oK<
g& to within 1% of the selected vulue. The field intensity is sct by

means of a set of dials located in the cortrol panel. A field

reversing switeh 18 also provided., The maximum field intensity

<
avai1lable isa 10 K Uauss.

v

A

)

3.13 The Data Acquisition and I'rocessing Systen ‘ ‘ ’

All flic measurements required for this experiment, including

’ L3
)

. N (f‘
! the Hall voltages, electrical resistivities, temperatures and '
mapnetic field intensities, were recorded and processed with the
aid of a computer system, TVis data acquisition and processing -

system was oraginaelly designed zy Dr. A. Kipling of the FPhysics g

Department 4t Sir Gcorgc Williams University t; initiate a research ‘
) " program on electrical proverties of various semiconductor-materials.

A blﬁck diagran of the system is shown in Ficure 1116, fhe‘heart

of this system is the Digital Equipzgnt Corporation PD?'B/L general

purposewdiaftal‘comvu{cr. This is a single address, paralléi

muchlﬁg with fixed wor?.figg;g\?\ﬂ bits) and a basic 4 X random

accessable core memory.. ,

\

Information interchange between the operator and the

computer is accoemplished either through the onerator console or

the teletype unit, The teletype ASKR3I3 has the input fucil%ty of

a keyboard and a paper-tape reader and the output facility of a PR
printer~aﬁd a paper-tape punch. This wachie operates with serial
,S—Ievel ASCI1 code characters at a rate of 10 characters per second.

Experimental mensurements in the form of electrical voltages

arc rnput to the computer through a guarded relay multiplexer

.
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. . <
NETD n o \‘x':, tial v itueter. Sihl; 1\.“\,':pln;;(v" cantrallog
'~ . . + ~ * o
RGN S s, Pt 8 gigreel Hgurpncat Lor oo quion oy Al
B 4
.
Il e e w0 b thietr mocudes cun booade Ywo o acier siganl

simaltancously and hence dwmaximum of 16 analoz asipgnals can le
maltiplexed 1o the computer throupgn itle dipgital voltaeier, Tlhe

4 >

dimital voltaocter ie a Uewlett-Packard Model 24024 1ntegrating

. »
dirial voltzetler which has 2 aaximum measuring: rate®of 13 measure-—

) p\
ment. per sccond, 1he innut 1mpedeince 1s 107 chws and the accuracy
' [

; 4 v
’

12 0.21%'0f the voltave readingz., Five voltage ranpe ure ‘provided;

~

+ . a 4
from .1 to 1000 volzs :n stept of 10 times. Aside frem a visual
dizpley by o six-digit nixie asgembly; the measured voltage 15 also

outpuat in the form of binary-coded-decimal thronghia connector at
.
the buck of the inscrunent,

The en-line plotting of processed date feacaility is provided

. +
throuTh tlhe service of a llouslon Yodel Dy-i-1 digital plotier

° +

which kas a aaxirun draving rate of 3 inches per sccend and g

resolution of Q.91, nch per zuvep., i{he unprocessed duta is recorded

by a Peripteral Laurument Corporation lodel 3 20-7 dipital magoetic —

f

tepe unit for off-line procescing, The unmit has 7 tracks and
. /

Ve .

overates st a reed/write speed of 25 inchen ber second. The storage

density-of the unit 18 556 byrves per inch,

The two commuter program packages used to record and process

-

the experinental mecsureneénts are modified versions of the ones

orir:nally developed by R. Krawczynuik, A complefe listing and

dctailed description of their usage and requirement can be found

~
~

in (34). ‘1he main features of the on-line progrum pachage are :

|

>

.




. 29 N ' .

t '

a) real-time acqﬂjsxtién of ~deta voltupges from electrical resistivity

and Hall effect mensuriggpfﬁf b) pranting of the data vnliugce’on
the teletype; c) storage of this data on magnetic tape; and d) on-
line {lotting of the Hall coefflcien{ es a function of the recipro-
cal temperature. The second program package enables the off-line

plotting of either the logarithm of the electrical res1ativity as

a function of the recinrocal temperatnre and/or the logarithm of

the Hall mobiiity as a function of the logarithm of the tompcratﬁre.

The modifications made on the on-line program packege are to
eliminate the nssnc;ntod,thgrnomaznctlc and galvunomagnetic effects
which are present during the measurement of llall voltage as a

function of temperature. A description of these effects and the
\
nrocedure reauired to climinafe them are given in section.3.5.

3.14 Measurement Technique

)

Figure 11I1-7 shows the schiematic draving of the electrical

wiriog between the linll %amplc, the cryostat, the various power

¥
supplies and the data acquisition system. The Hall sample current

(<]

ia\supplied by a constant current source, .lewlett-Packard Model

82078, The direction of the sample current can be reversed by ‘

means of the two-position make-before-break rotary switch., The

magnitude of this current is input to the computer in the form of )A>
. ' f . -

a voltage-dron-across a 100K ohm standard resistor which is connected

-p )
in series with the .constant current source, The magnetic field
intensity is determined by a calibration curve that“is stored in

the computer. The calibratiqn cdurve relates the,field intena§ﬁ§

-
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A similar technicue is used to determine the temperature. Dy mecans
»

ceross the 10K ohm standard resistor and the

o]

f the voltare-drop

¢

séroaniun and platinum thermometers, the resistance of the thermo-
. &

meiers are caiculated. The tenperature s then obtained by referring
to thz celilration curves which give the temperature as u function

v

of the thermometer resistances. ) '

’
f

: i
3.5 A Procedvre to Lliminate Certaig<§asociated Effectvs in Hall

2

Volraze Yeastrenont

S

In order to obtain accurate liall voltage weasurezent certain

!
{

g8 at the Hall .

Aprobes must Le climinated. A ;:arallelpilample sipe 13.chosen
) 13
té deoeribe tlic3e effecte.” s the

fall sample

0y

ie uzvally very =mally (120,1x0.05 em typical size

L
i
’> i

difficult to align the Hall probes properly. Invariably, some

\

ir extremely

“:; - . N :
pisalignzment 1= bound tu ochur, Figdre I1I-5(i) shows the equi-
poteniral lines alone the sanple when it 18 subjected to a current

- ‘ 5 -
at its ends, DBecause of the mixalipgnmeat the lall -probes, A and D are

at “r{ferent potentrals, Thiz potential sdreop across the proles

It 1s dependent on the directioa of .

1¢ current but is independent of the nmasnetic field,

is krown as the “IR drop".
o
N 1he electrong which constitute the sample current do not

wove across the sample with the same velocity., The faster electrons

V-
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will follow a different path when a magnetic field with intensity
B is applied perpendicular to the sgmple than the slower electronux
Hlence more eftergy will be trgnsportéd to one side of the sanmple

TD’ as

than the other, resulting in & teéperature difference, TA-

shown in Fi&ure I1I-8(b). This effect is known as the Ettinzahaulqp

4

effect. Since the Hall probes and the sample are of different

materials, they form a thermucouple and thus renerating n notential

A

across the sample.

When the two end; of thﬁ Lall sample are subjected to a
temperature differénce a2 thercal current will flow across the.
sanple as shown in Figure I11-8(c) and (d). In the NXernst effect,
& potential, VN' w1ll appear across the sample when a magnetic
field is applied perpendicular to the sample. Under these same
conditions a temperature difference across the sample ia also
produce{. This is known.as the Righi-Leduc effect.

Because of all these effects the voltage measured acroas
' Y

the Hall probe 18 a sux Qi A1

u the Hall letage; the voltage
’

VIR'

due to probes misalignuoent; VL’ the voltage due’ to the Ettingshausen

effect; VN' the voltage due to Nernst effect; and V the voltage

Iu‘I

aue to Richi-leduc  effect. All these voltaces, with the exceptign‘
of YE' c;n ye elininated by taking a series of mgasn;ementn\tith
all possible combinations gf current, I, and nacnetic field, 3,
.\dirbctfona. NPtina that Vn and Yé are dependent on both I and B,

VN and VRL are dependent only on B and VIR in dependent onlvy cn I,

PN

the’ menaur&mﬂ&t; will zive: for , . -

¢

\ ,
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“

V3 = V" \(g “Vn = Ve = Vze
Ve -

(=8,21)c Vg = VW VeV Ve (111-4)
S ‘
Hence | wd ’
. 1 -
. ' - - .
; . . Vi v Vs~ L + © {I111-5)
C 4 ' ,

v Al

X ]

The kttingshausen effcct can be minimized by immersing the
N H ~

* ‘ e N ~
‘fizll sample 1n a high thermal conductivity medium, Under this

C e .
conditiaon Vh is usually very small and is generally neglected.
Sang rglatlve magnitudes of these elfects are given by Smfth-(SS).
. i -
P <
I L] k1

h coe )
s J . ” »
3.6 'bapcrimen&sl Praocedure
- ;
The on-line computer prograu package was loaded and stored

’

in she\coﬁwutor and the cryeoctat wan filled with kQQuid heliuvm, .
The sam pl? dimerzions were then enterod to the cunputer’thrOAQb

the tclet)pe, Tn ;nsurc.thnt the magnetxc'fleld vas pérnéndicular
to the sample, the, magnet was rotated abuu% ;ts dvxtzcul axls and
w;s locked in positLpn where the Ilall voltage was ;XXiqym. Liquid

: helxum/ﬁas then emitted to the sample.chamber and the sauple was

!

.allewed to be couovled down to 1.5°%K by adjusting” the power supplied

-

toltﬂe vépdﬂization heater while maintaining the chamber pressurg
-y . .

at 5 ma Hg, The rcsgztivity measurement were takenm with the magnetic

field off aud the llall neasurements were taken accofﬂ‘hg £o~equation
(111-1) te (III-5). A sample current of 80 mA was used for all

. /

P,

»
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v . S
q » vy
’ . rapLe Tf1-t
> \\’ , . ,
~ STOICUIONLTRIC COMPOSITION OF, Hg'l‘e Se __ ALLOYS
A 'US,;ED IN' CRYSTAL PREPARATION
R e e
Compound Hg (gm) Te (gm) Se (gm)
(At. Fraction) T ;
y . !
: }
HgTe + | 60,4182 38.4361 —
HagTe gSe , | 56,6275 28.8165 4,4577
HgTe 6Se i 60,2862 23,0088 9.4915
‘ ;\25 o o )
HgTe ,Se * | 60.0523 15.4323 | 14,3254
rd )‘ t
Bgle ,Se g 61.9648 7.8831 19,5138
? 12
HgTe . 56,4860 —_ 22,2229
o ‘ » ¢
2
| "' \ 1
: \
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Figure 11I-1:

Melting Points of Mercury Chaﬂc&gehides
HgTexSe
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Figure III-2: Ilall Effect Bridge—sﬁaped Sample Sﬁxoying
Evaporated Gold Contacts (Shaded Area)
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Llecectrical Connectors
Hrf-Gas Line
Helium Fill and Vent
Insulation Line
Nitrogen Vent.
Outer Shell *
N1itrogen Reservoir -
3
lielium hell.
Iusulation 3Space
Quter Taxl SectioQ
Nitrogen Temperature
" Radiation Shield
Sunmple Heater
Vaporization lleater

Lxchange Gas Chamber

Capillary

P %hruttle Valve

Q

Sample Support Tube

Throttle-Valve Stem

‘Nitrogen Fill

Helium Gauge Port

Throttle-Valve Top lorks

\

. Fiﬁure 111-5: Schen
Cryostat

atyc Drawing of the Low-Tertperature
(After Krawczyniuk)
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Figure 111-8:
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-

INTERFIS-TATION OF RESULTS

- -

4,1 FExperimental Results

o

Hnngeffgct cnd electrical resistivity measurerconts vere
[ : s

Cerfnrmed on mercury telluride) sellenide and their a2lloys (HgTexSe1 o

[y ﬂ‘\ -4

Ax = 0,2) from 1.5%K to 250°h. A eample carrent of £0 zA end a

I3

. LN . : .
marnetic field intenaity of/ ¥ Gauss were used'‘for all samples with
£ K p ;

) \ the exception of HgTe.(”Tho ell voltuge on the HgTe gamnle was

found to be very stall with 1} Gauss magnetic field und & field
]

strength of 8K Causs was required to obtain repeatable results,

¢

Errutié/mcaéuremcnts were obtained for Hele Se Q*

r4 0

.It was found

later thet there were hairline fracturee on the semple and hence

the experimentel dita on this sample were discirded.
. Information “htaéQfd {rom.these measurenents is given in
»
. the following paragrapls in the form of Ilall coefficients, electrical

resiszikity and Hall mobility., Table IV-1-pives their values for,

all the bnteriul;\?tudicd at 295°K, 77°K and 1.5%K.
Q 4.11 Hall Coefficient

Figure 1V-1 showa the temperature dependence of the Eall
coefficient of HgTe. The shape of the curve is typical Lo a p-type

seniconductor with the Hall zero occuring at 53.40K. The positive

-
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DNl e Caarpty frowm the Lall zerd tergperature cud Llettens
. D h

v . LY
-

12 beroocratur s decerensey, lijss*c;“1;\w~ B brauch

s

4
“deere.cey (4 oatute value of I, ircrcq;og} w7 tac terperaiure
. . - 0y | y : . W
increnses pagsing through a minimum at 189K before rcaching the
. - 1
intrinsic region., Yrom the chape of this Hall coefficient curves
rd

a few facts can be deduced: {a) the material is p-type; (b) the fact
that the exhaustion region (flat portion of positive RH Lranch)

extenda down ta 1.5°K indicates that the 1cnization energy of the

impurities present in the serniconductor is extremely lowy (c) the
7 - a

lov, .ulue c¢f Ju iz the exhausition region means that the impurity

<

concentration of the material is very high; (d) this high impurity

. - .
coencertnation conbinod with the oceurrence of the lall zero at low

s
. >

- 0 - - . N
~temperature (03.4 ! indicatea that the energy gap of Bgle i3 very

small; {e) the sharp p- to n-tvpe transition plus a large ratio of’

i . .

R,i PR, . ipplies thaty tle mobility ratio has a large value,
. L

ak i
exh .

The Hadl cocefficient curves for mercury selenide and the

alloys are ghown in Fiqure IV-Z. Uith the exception of wmercury

- .

selenide, uli the elloys give typical n-type lall coefficient curves
decr{}sing ricnotonically from exhaustion to intrinsic regions, In

all crges the curves e¢xhabit wide exhaustion regions extending down

.

to 1.5°K and hence indicating extremely low ionization energies of
impurities. The lUall .cocfficient of the lgSe sample is independent

o,. R . . .
of texmperature from 1,571 to 33U K., This is mainly due to the

extremely high impurity concentration which masks out the characteris-

v
L3

tics of the ﬁﬁ curve in the temperature range vhere all measurements

> ~ .

were taken. . A . '
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oS . . , ;
TJI0 nlerlrlter osialiviey : .
~ = ‘\
- 0t Cloirical cesioorvity o Mianstrc, of toarcvshll L Do
- -
the nmece.ry cheduurintees is maven oo Lipusc LL=00 lis casves chow
& ’
: that the resistivities of these saterials are independent of
M 1)

~ I .
.
I

C. X . g =0,
temperature in the lower tenperature ronge (from abont 1.5°K %o

.

’ 4
) 0,. . ! . .
) 50 K). This means that the concuctlou?processes in these materials
* ¢ )
¢ arc gomipated by 1onized izpurities in the low temperature range. .

.

B e 0, e Oy
In ghe higher te=sperature region {(frua about SO K to 250°K) the
v

resistivitices of HpTe, lizie %Sc , and IigTe 0Se ;;decrcase as the
.t o= . e i

temperature incrgascs., This negative temperature coefficient of
3

. resrativity is typieal ol ser.iconductor as 1t enters into the

intrinsic raange: 1L is 1nterc¢-ting to note that as the amouant of

<

selenium increases 1n the alloy composition tho. temperature

p—

cocfficient of the resistivity. Uccomes less and Yess negative;

"

and for HgIe“Se 6 the coefficient 1¢-positive. The positive

tempereturc coefficient of the resistivity-of hpSe could be due

” '

* to the high impurity concentration of the sample and the high
’ . tenperature dependence of the electron mobility., Rodoet et al (36)

found that around rcou temperature the Hall mdbility is proportional

3

. o .
to T™° and Gobreeht et 41 (37) reported a T °°° dependence between

v

. . 200°K and snoif.
: . \ : o

‘ 1 EN
g o /"' [

4,13 lall Mobility . ‘
. " Figure IV-4 shows the variation of Hall mobilities of the

mercury chalcogenides with temperature. Ia the -higher temperature

region all the mobili\y curves tend to the .sane slgpe of -1,5,
A Y




Hall coefficient data of ligTe are useg to.determine the valigity-

* =
—
=
)e
e
.
)

N N - ’ ~ - - R «" R T Al
Lypivcte? fondhoree reatterimy Ly gvounl o phoncas. However,
b ’ ¥ N

thic ceg cveoar e devendence is muach ataller tlan thowe repor.ed by

[

R
s ~i .0

wad Geloecht et ol (37)e oroover, this T

>
P hom (14 - [a]
Zodd %d“;u \‘_1 \u: FPR

N

dependence of mobility is too asmall to account for the, positive
. : . N #" ) -
texperature coefficient of HxSe and ligTe 450 6 For HgTe, the

A

. . - o, ;
ecoustic scattering resiom _start from about 300K and for all the

. ¥ . . o, . .
alloys and llgSe the region start from about 50K, With the exception
; , - 3 ) -
of HrTe, the mobilify curves are flat at leower temperutnure region

indicating thut neutral impurities ruther that ionized impurities

N ,//T\ .

. C . '
scajterxng 1£ predoainant. ) N <o
¥ ) " i . . o
' » o :
. ‘ o X

4.8 Analysis of lesults Ve {J . N
. . ) NG .
& o \

'y . - ~

4,21 The Cquventional Two-Carrier YModel -

]

« ~

S - . , i N
L\hfzéc nodé\]l gdupted for 'this analysis consists of one conduc-
’g ! B . . “ ¥ '
tifr band and due valence band and both are parabolic. Experimenial

- . [ 3 [

9

.

’ ¢
>

. of this model. . *\. , o : ) ,

The 1uapurity concentration ol a p-type semiconductor can

be ébtained Expepimuntpll} froa the fuct“that in the exhaustion

.
.

région : : . . :

| boml NNy o T @) ¥

- ‘ . ‘ o, : -
and since this is the only type of carrier present of this temperature
N iy Jo) - ) ‘

o -/,{5’5”\ e(MVa-Np) W :‘

PO - L Yo ) .
L ‘ ‘» : A
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o . o« . ’ / o 0

. ) 4 (1v-2)
B o pHeyh,e ‘

where R1 is the Hall coefficient in the exhausition region.
’ / l =
exh .
. * » v

At all temperatures, the electrical neutrality condition holds,

- '

]
&

that is, - : o N
. T px (NamNp)tn v (1v-3) c
2 ’ Now, equations (I1-5) and (II-26) are given as *
. ~ N [~ “

hd i

| Ry = — L. bn-p - o,
; ) ¢ (bn +p)* “ ’

{ - ‘ | n' = onp= Nch ?*P(‘%/kg’f')

& >

.

n

- . - )
Hence, if r and b are known, By for different tempeﬁafhnga can .
. ] X )
’ be obtained by solving equations (1I-5), (1I-26), (IV-2) agd (1v-3).
A plot of lani/Tl's) versus lp(iODO/T) would give a straight line

. ‘ with a slope equal to —Lg/.?OOOkB .

' The value of the scattering factor r ranges fron i to 2

-’

¥

, S depending on the scattering processes., A valﬁeggf unity is usually

adopted. 1f the scattering\ﬁ?ocess of the material is not known,

Thé ¢riteria for the determination of r is discussed by Putley (38).

) In this anslysis-r is taken to be unity. v . ‘
]

The mobility ratio b i; usually wssumed to be independent

on temperature and is jgiven as (38) )

~

. \’ _‘&"min‘ = (b"/)z i | (‘IV—4) :
‘ ) - I ) .. o .lRHerh'l 4b ‘ » C -

o . _ £
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A - .
T | 1 e Dell couylierent at U4y cawmaosaw of the nesclave
Die
EAQ.‘..‘. ) T o ': R
.
. -
oy earooq [ol ] r "'1'5 ; - oo 0 t,"’
Vigure iV-8 stows the plot ol -n,Lui'; J yereus 1060/ L.

~
The praph is net lincar as ir predicted by theory, Froem about 170°K

. 1.5 . ' .
dovnvards the quantiily ni/T becomes independent of tenperuture,
L] . -

) ;

Such & bebaviour cannot be scccunted for even by taking into ccnsidera-

[

tion of temperature dependence 21 Eg and b, Mence, dv is concluded

©

that ligTe does not have the band structure as prescribed by this

. . . & '
. simple two-carrier wadel, .

4,92 The Inierted Two-Carrier YHodel 5 -
The model wged 1n thas analysis is dewcribed in section 2.5,
»
Only the conductioft and heavy-%wule vilence bunds are tulken ;nto

w

account. The object of the rnalysis is to fit the experiaental

~

ient curve of IrTe nsing this theoreticul modé€l,

theoretical eiectron and hole concentraticne at a
. pariicular temperature are. penvrated using cquations (11-42) and
(11-43) and by adjusticg 7 until equataion (iv-2) is satisfied.

The theoretical lall coefficicnt curve 1s obtained by substituting

.

the generated n's and p's into equation (IIrS).

The veuriation of mobility rutie with temperature is taken

. ¢ . ' . N
inte account by assumming b to vary ‘linearly with tenperature,

2

+ Lguetion (Iv-1) pives the valuc of b at the temperature where the

<

Hall mipimum oeécurr, The value of b st the Hall zero is detgrmined

from the relationship that at this temperature

S bn o= p | (1v-5)
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. P : .

The mobility retio for the ligle sample obtﬁ)ned is / '
b(r) = 20+ -06T -

a

Table IV-2 gives the values of the pa;nmeters required for the

analysis,

“A series of Hall coefficient curves were generated by

-

adjusting the value of*the thermal energy rap Et' The two curves

which give the best fit to the experimenial data arc obtzined when /}
Et°0 and -0.001 ev respectively. Both of these curves are shown /'

in Figure IV-1, From about 130°K the theoretical curves start to

v

deviute from the experimental results. There are twd possible

B2
a

cquseh for this de}iation. The first possible cause is due te the

simple temperature dependence of the mob1lity ratio assumed in
L]

the analysis. A normalized mobility ratio curve is shown in Figure

IV-6. The curve is obtained by substituting the theoretical carrier
‘e .
concentrations and tke experimental]%linto equation (II-5) and P

o

golve for b, It is evident that the temperafure'dependence of the
mobility ;atin);acd in the ;nqusxs is overgimplified. Lasing on
the.shape of the normalized curve a more refined b(T)'CQh be derived.
However, further study on the scattering mechanism 1n ligle is

required to justify this,

The second possible cause is that the two-carrier model is

1L

inadequate at higher temperatures, Eg is very temperature sensitive

and decreaseas rapidly as thetempetature rises so that the deep lying o
3

\

light boles cannot bLe neglected anynore.
The curve fitting process in' this analysis is very tedious’

. Y, .

and a computer program has been written for this purpose. The '

v




listine of Lho program is found in the appendix. o8

. 7 ’

© fhe «ume technique was used te analyse the experimentsl

L

data ol «11 1'e «lloys. The values of the band parameters required

§

for the nnalysis were assumed to vary between those of NgTe and »

HgSe. Results obtained are inconclusive since the ylue of Et
whic¢h gives tire best curve fit of t(he alloy oscillates between

. : )

+.01 cv instead of varying sn'x\o'ot’h"ly as the alloy composition. d
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TALIL . TV-1

HALL COLFFICIENT,’ HALI;MOBIIITY, ELECTRICAL RISISTIVITY

Compound —} Type
I
|
{

]mpunty

lgTe: i P i L.
o
. |
SV S S
HgTe Se , n i"f
o b |
. e 1T
H%’I‘e ,;Sc.4 : n ;:2-2,)1\10
| 1
. i |
. - »—‘i ——. - —— - ———
ligTe ,Se 6 T 'n t4,31x10
& '
!
!-_. PO, VU S R
| tigse n .13x1915
| |
| \

F(°K) l (cu' /coul ) (ohm—cn) (cm /v 8. )‘
C “"_: S R
t1.5 ] 5.27 | 2.50x10 " ! _.07x10 '
C 770 | =103 2.10x1077 0 4.98x10% -
205 L - 26,49 1.80x107° 1 g.a4a10*
Bt R S A R A
U a5 ] -sms ] c.a1x107® ) 0 g0m?
V7T —uss ' 0,81x107% 1 1, 19x10%
1205 | < raen b s.00x107  2lagsne?
L 1.5 - 27,90 } 6.74x10 410610t |
K - 27.83 ! 6.51x107% ¢ 4. 26x10% 3
ags | - Ta15 U saatxe 4 aoxee? |
——— . et s e e e B e
1.5 - 14,5200 3107 gue1xact T
77' - 14.53  3.19x1077 .sqx1o4 !
1.6 - 2.06 & 5.88xgo'5 35110t |
T - 2,00 'j~5.63x10‘5 | 3.66x10% :
295 |- 195 i(1.55x10-4~i 1.26x10" |
\
#0

o

:T(r‘p :I!all Cocff ‘ Elec. Ilec.

)

AND IMPURITY CONCENTRATION OF TIC

{

VERCURY CIALCOGENIDL CRYSTALS

|
X
|
!

Hall Mob. }
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; . . TABLE IV-2 |
f h 4 . - /
i L 4
! . . .
VALUES OF PARAMLTERS USED FOR ANALYSIS
- . : OF HgTe HALL COEFFICIENT
’ I )
| , Co ~ ' Ref, .~
\ . . ’ e'" . K/ |
‘ Kane's monentun matrix . -8 L !
element . . - Ppp 8.3x10 ev cm . (10) -
: ) : N ‘ - ' !
Energy gap : L = =0.3 ev at 4.2°k  (9)
" t ’ * = -0.15 ev at 295°% - (4,39)
. Density of 'state .
effective mass . mh" = 0,.56m . (39)
Mobility ratie’ . b(T) = 20 + .06T KRN e
/ . ’ ¢ ¢ ] ’ » .
T l o ' / .
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'CONCIUSION .

-
“ ’
. -

Hall coefficient and electrical resistivity measurements

.

were made on mercury telluride, selenide and their alloys from

N -

0. ., , "m0, . .
1.5 k-to 350 K., FProu the experimental nmeasurenenta it was found

.
. N )

- . . . . . s
that these coxmpounds have véry high clectron nobility (in the order
4 2 ' '
of 10" cm”/volt-sec. at room tezperature) and the Hall mobility
) ¢ . - "

was\f&und to heave & T-l'o tenperature dependence in the higher
{emperdﬁure range.

It was shown that the conventional twe-corrier model feils
'to deseéibe the properties of ilcTe. Ly using a simple inverted

two—carrier model an excellent fit of the,p-type experimental Hall
"

~

)y
coefficient curvé of HpTe was obtained. TFrom the result of the

-

apalysis it ‘was found that lpTe haa thke inverted bLund structure ° .
L4

‘with /; Lhigher 1n energy then G " Also, it was found that the -

thermal energy pap E, = 02,001 ev., Results from the analysis of

the alloys i1ndicates that the light-hole valence band has to be

taken into account, Hqwever, this remains to be confirmed by $

.

1)

further stixlies, ' - ’
On the basis of this work, sone recommendations regarding

future research on nercury chalcogenides can be nadg.

‘a.o
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- APPENDIX . :
PROGRAM LASTIME o g

- This computer program is written in Fortran IV language
- . X .
primarily to generate the carrier c@ncentrations required in the .

analysis of Hall coefficients of mercury‘!halcogenides_using the

‘iqverte& two—car#ier model as described in section 4.22, The
listing of the progrum’'is given below,
: > o ) .
Worth mentioning is the external function subprogram,

Function Fermi, hecause of the importance of the Fermi Integral- .-

in semiconductor physics. The integrals are generated using
e

f equations (7), (9), (21) an4\£24) of Dingle's work (40).
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