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351 ENERGY BANDS IN SOLIDS

In the atoms of a solid, the electrons in the inner shells are strongly bounded 1o
thewr nucler while the electrons in the outer-most shells are not strongly bounded, The
electrons i the outermost shell are called valence electrons. The band formed bya
senes of energy levels containing the valence electrons s known as the valence band,
The valence hand may also be dcfined as the highest filled band.

The permitied energy band next to the valence band is called the conduction

hand. The electrons occupying this band are free to move and are called conduction
clectrons The conduction band may

be defined as the lowest unfilled band. This
band may be empty or partially filled.

The two bands, 1 ¢, conduction band and the v,

Tepon or a gap called the forbidden band or the band

alence band are separated bya
electron can exist in this band.

gap. This has got its name as no

352 CONDUCTORS, SEMICONDUCTORS AND INSULATORS

All solids can be classified as

conductors, semiconductors and insulators which
can be described on the basis of their band diagram.

L. Insulators-1n case of mnsulators, the forbidden energy band is very wide
(Fig. 35.1 (a)). This is due to the

fact that the valence electrons in these
matenals are bo

e band gap in insulators is of the order of 6 eV and

resIsuvity is of the order of 107 (). or still higher,

0 5 Se‘mlconduclorSf In semi-conductors, the forbidden band is very small
(Fig. 35 1 (b)). Germanjum and silicon are the examples of semiconduc-

tors. In Germanium, the forbidden band s o

. : ic field. The resistivity of semicon-
1ate values and 15 of (b, $_10%0 m. As
sl phebis; v 3 Ol the order of (10 % -10%) Q- m. A

¥
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Fig. 35.1 Energy band structure of (a) an insulator (b) sem conductor and
* (c) conductor

3. Conductors: In case of conductors, therz is no (;nrhn;ida; :an“d ;n;il ::
' lap each other (Fig. c ;
ce band and conduction band overlap
V?::; of electrons are available for condumm) of electncity [;u:;:f(;ny
‘:eason conductors or metals have very low resistivity (of the or :; vl
Q-m o} still lower). When heated. their conductivity decreases
crease in the random motion of electrons.

1 in metals, the
Another difference between a metal and 2 mcmd:::;x: :2: |:‘m o
1al current is simply a flow of electrons. Wherzas u;n T:cm g A
mxypcs of conduction mechanisms-either electrons or
This is termed bipolar conductivity.
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ber of electrons.
i W ofholes and the oumber ©
A pure semiconductor in which the number owever, the number of holes and

: i iconductor. Hi s of
ks isag t:rmedd m::'li‘:l ’;;" lidding some impunty d‘;??, :: nfl;: of one
e —— :il N The added impunty is very ‘m{h‘ semiconductors are
crystallization callcd. O_Plﬂg-l ms of pure semiconductor Suc e e !
i b m-mlj:c?o:x. The impunty which ‘uth:i.:Tf::allc\! n-lype semi-
called extrinsic semicon o with donor tmpurtty (¢ 8 arsel :d 25 acceptoe and the
- which supplies holes 18 lcr;z ) >n‘pe semiconductor
condhgtar: TG v|mpul:l‘)wr umpurity (.2 indium) s cal mﬁ:unduw( are called
semiconductor with ““9 scentranion dominates a e minoriy carmiers
The charge camricrs Whose ®9/0° 0 e opposit sign eonductors while holes are
majority carriers. Chu:g;;j-::ty carriers in n-Eype Semico
Naturally, electrons ar

minority carriers. ONDUCTORS
PROPERTIES OF SEMICONDE tion n, the
354 ELECTRICAL Jude the carrier concentral

iconductor in¢ 2 a3 These for pure
fa semiconductor & resistivity p)-
Jectrical cw"‘“ﬂ::yl::g ‘o Table 20 of Appendix-2.

Electrical pxope‘;l::: 2
:at"n:\e;nl:‘u:t:‘::z :il?:on at room temperanure ' B
Carrier Concentration (1) v per uni velume fa ’: :: LI:: :,:;,;, ‘,,o :::wj‘

i chre dpty r ke e, L ol
to mel::nl::;‘??:\i;:;msl;“mc?nm‘c carmer concentrauoen
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n,;=n=pwhere n and p denote the electron and hole density respectiye
s ely,

The temperature dependence of charge density is found to be of the form

= q TV P
(35,[)

It is clear that
™M domingteg ang

Here £ is the band pap and & is the Boltzmann's constany,
increases exponentially with temperature. Here the exponential (¢
. ) 4 ;
the effect of 72 term is negligible.

Intrinsic Conductivity ()

The relation between the electrical conductivity and the resista,
specimen is given by SHce: iy
—

RA (5.2

where /and 4 are respectively the length and the cross sectional area of the specim,
en.

Thus, we can define the conductivity of a material as the conductance (l) of a unj
unit
R

cube of the material. The S.1 unit of conductivity is ' !,
o Tjkre electrical gonduclivily o of a pure and perfect semiconductor js due
mmnsm'ch:_ug.e carriers, that is due to electrons and holes. Such conductivi .
mm.ed ;ntnnsng Since there are two types of charge carriers in the inu'iZsilf:
semiconductor, its conductivity ¢ is the sum of g,
o » due to free electrons and G, dueto
ie, 6=0,+0,
The temperature d, pendence of the ¢

dqmnincd by the temperature dependence of the
Wwritten as,

ivity o is almost completely
carrier concentration and can be

G =g, e EHT
Goe (353)

where g, i i
€ T 1s a constant for the semiconductor and is independent of temperature.

Mobility (y1)

Mobility of charge carriers
A is de, i i i i
electric field. It is measured in units mzfﬁf ‘:e:f’r’;l‘i:zfs::\f:;.ga‘:” K meies

Ho r]/Z

355 RELATION BETWEE RRI
; N CONDUCT
COX\CENTRATION AND MOBILIT!X”Y, A e
Considerin,

g the current density
the specimen, one can write

(354)

Jie., the current flowing across unit area of

1
JEmia
. < =nev ‘ (35.5)
ere [1s the current, 4 the i
concentration and v the drify velC;cDiSS'SECllonal ere

of the specimen, n its carrier
Y of the carriers, .

e —

oxid
emiconductory s
from the definition of mobility
20
TV (356)

pere Vs the voltage applied across the specimen of length /. From Eqs (35.5) acd
Wl
(156), we have

where o is the conductivity and R the resistance of a specimen of length / and cross-
sectional area A.

2 o =nej ' :
Egn. ;35. 7) gives the relation berween . the electrical conductivity, carrier
concentration and carrier mobility of a specimen. "™

Experiment 35.1: To study the variation of ru;s:i:rizi:: :n?b?:::.p 3
temperature by Four-Probe method and hence to de
for it.

Apparatus: A thin Ge crystal with smooth :
adigital electronic millivoltmeter, a constant Z\;m
its power supply and a thermometer (0-200°

(35.7)

surface, a four-probe arrangement,
tsource (0-10 mA), an oven with

ipment can
i i be and the appropriate test equipmes

+ A four-point collinear pro! PPr Here we limit oue
be userh:: rdyelerminc I;p:th the resistivity aod ‘;:‘:‘“"“y ":l e,
discussion to the Four-Point Probe method for the measurem

The Four-Point Probe Method

lvin-Probe method is the most common method to
Kelvin-

s preferable
The four-point probe Of The four-poiat probe 13 Preters

+al" istivity- e acsociated with
measure a semiconductor m"‘rl:onmuct an:ly spreading resistances asSoci
i use the
over a two-point probe beca

f ccurately separated
-rivity can't be accurate t
true resisOVEy act and sprcadmg
4 e large and the lirtle contac
o i e pm:ie::s“mgy lo» fourspolt} pmbc;et:che one can obtin 3 fairly
from the me_d?“;m:ed with the voltage pmb?s :pmbes wliminates mg;surem:n
resistance is assos f the resisuvity- Using four Pr e under each probe, and the
accurate calculation 0 . esistanc
istance,
errors due to the probe resis

- onductor matenal.
and semicon e equally
: 8 metal probe » four probes ar
contact resistance between cat:m is s Fi 2. The four p
m
The four probe arrange!

hown in F12. 35.2
w ; rals (zinc, tung
ed and colline: ated with has conducting matenals tungsten
inear and cod rd

am| d

cts with the sample a0

g contacts Wi e
ip. The pro . . ach other-

e o “:'fur gcoodp electrical insulation from €3¢

are mounted in a teflon bus

T
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soldering is required for the contacts, any error in resistivity '"9“"{'¢lnc
contamination of the surface, rectification and chnnlis uflpmpcmcs 1S avoideq, The
sample is in the form of'a thin \\altcr with non-m:unduumg boltom surface, A heater i
used to change the temperature of the sample from room temperature 1o ~ 2000,

nts dye to

-5 -+
3 Ge sample
=3
| = = > Insulator
l Heater
Fig. 35.2

Resistivity Measurement for a Large Sample

Current / from a constant current source is passed through the outer two probes
and the voltage ¥'is measured between the inner two probes. Then the resistivity p of
the sample is obtained in the following way:-

The floating potential Vyata distance r from an electrode carrying a current / jp
a material of resistivity p’ is given by

‘1
ik = (353)

In the model shown in Fig. 35.2, there are two current-carrying electrodes,
numbered 1 and 4, and the floating potential Vyat any point in the semiconductor is
the diﬂ'er:n!:e between the potential induced by each of the electrodes (as they carry
current of equal magnitude but in ite direction). Thus

Pl

pI(1 1

V=E2iloas

L. 5 (’l n J

where 7| is the .distancc of the point from probe 1 and r, is its distance from probe 4.
The floating potentials

at probe 2, ¥,,, and at be 3, V, b
at p 12y probe 3, V5, can be calculated
from the above Egn. by substituting the proper distances as folllt;ws.

‘11
V=041 1
42 21:(: 7_;)
I(1 1
vy=01(1_1
s 27!(2: .c)
The potential difference p between probes 2 and 3 is then

V:Vn_yn

E

Semiconductors -
' ( 111 IJ
4 (L . ¢
m\s 29 25 ¢
B
2ns
e the resistivity p’is given as,
p'= E X 2ns 059
i
b e large enough to consider
the samples used in laboratories are ot
Non?:l:éd therefore Eqn. (35.9) is not apphcabl;. Many methods have been
lmf:'m give the resistivity of a specimen of finite size. The most common
o]
iﬁ; is given below.
i Finite Size
rrection for the | _
¢ This method applies to the sample whose bottom surface is non-conducting.
ity 15 given by
rrected resistivity 1s given
- __p' (35.10)
B F(tls)

where the correction divisor f(I/S) is a function of the ratio of thickness ¢ of the

sample to the probe-spacing s and is given by

1
bl 1
Fals=1+4>Y, T=T7
[y Jg::z 1_J +(2n)
i t
¢

5.1 and ploned ix. Fig. 35.3(3) and

(35.11)

This function F(¢/s) is vab_ulat:d 'inb‘i::l;‘.;i e 1)
(b). Use Graph in Fig. 35.3 (b) if (¢'s) is wd -
For an infinitely thin sample F(1s) approaches >
Table 35.1
Fls)

‘/Jmo 13.863

y 9.704

e 6931

s 4159

0333 i

°‘f,88 1.504

* 1223

1.414 A

e 1.0228

a 1.0070

5'% 1.00045

10.

{2
e 7
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Thus from Eqns. 35.9 and 35.10, we have for resistivity,
2 A
p=—x 2ns
[ F(tls)
gince ( and s are known for the sample and ¥ ;
riment, p can be evaluated. pic ot Vil e ioaied. fn 1w

expe
The formula for the variation of resistivity with temperature tain
. ;
g the inverse of both the sides of Eqn. 35.3. Thus, wpeehavc e

(35.12)

ukin
p=po s (35.13)
E,
Inp=lnpy+ —%
or P PO UT
or log,o p =logjo Py * e 1 (35.14
2%2303 kT 149

1
So a graph between T and log, p would be a straight line. From the slope of
this line, the band gap E,can be determined.

Procedure

1. First take out the four probe arrangement from the oven and put it on a
plane surface. Now put the sample on the base plate of the Four Probe
arrangement such that the non-conducting surface of the crystal is on the
plate side and the four probes are in the middle of the crystal. Apply pres-
sure slightly so that the probes clearly make contact with the sample and
then tighten the screw. Now check the continuity between the sample and
four probes by a multimeter. If the contacts are loose tighten the screws
provided on top of the base stand till the four probes touch the crystal.

2. Put the four probe arrangement in the oven and check the continuity be-
tween each pair of leads provided for current and voltage again.

3. Put the thermometer in the hole provided for it to re the oven temp

4. Connect the probes 1 and 4 to the constant current source.

5. Connect a digital millivoltmeter between the probes 2 and 3.

6. Switch on the current source and set the current to say 4 mA.

7. Note down the voltage ¥ in the voltmeter.
8. Switch on the oven and note down V for different temperatures while heat-
ing the sample. Take observations till the temperature is ~200°C.
9. Switch off the oven and repeat the observations while cooling the sample.
Find the mean voltage ¥ for each temperature.
10. Repeat the experiment for another value of current say 6 mA. )
11. From the values of f and s supplied by the manufacturer, find the correcuion
divisor F (Us) using the Table 35.1 or the graphs in Figs. 35.3(a) and (b).
Calculate p for each reading and draw a graph between p and T to see the

variation of resistivity with temperature.

12. Plot a graph between 13-‘ and logo P-

Scanned with CamScanner

L ———

Scanned with CamScanner



I —
B.Sc. Practical Physics
450
ations
| Observatio .

- o
of the thermometer = ...

Least count
bes, § = ... CM-

Distance between the prol
Thickness of the crystatl/r S
5=

Correction divisor, F(ts) = ...

2B _p=.m=..m
F(tls)
SetI Current /= ... MA.
Voltage V Mean | Resistivity 1 x 10} _I\
(¥ v T %10p
mV)
3 . " 5 vV
\while heating |while cooling | (mV) | p = T xD | (K7)
(Qm)
7 o ———
1
2
3
Set I Make a similar table for / = 6 mA.
Calculations
Inp=lnpy+ E_'
2%T @
o« l"8|o|>=l0gl Pot E‘l
0T 2% 2303%kT (ii)

The graph in Fig. 35.4 giv iati
meee“ & [;; ahmgg,';. 5.4 gives the variation of resistivi
Fig. 35.5. As is eviden

! ty with temperature. A
zl?:; :\ng log,q.p along y-axis for one of the sl:s is showﬁlg
qn. (ii), the straight line portion of this graph has a

slope equal to

EK
T — 3
2x2303%10° x

Resistivity p —

logo P ——»

Temperature —,_
Fig. 354 109T —
Fig. 35.5

Semiconductors

451
Ey=2x2.303 X 10’ x kx slope
Putting k= 8.54 x 10° eV/K
E,=0.3934 x slope
=...eVforSet]
=...eV for SetII
Mean E\g =..eV

Note: As is seen in Fig. 35.5, the graph between 10%/T and log,y is linear only
for high temperatures (T 2 100°C). This linear portion is to be used for calculations.
Jtis evident that we need to heat the sample much above 100°C to get the results.

Result
) Resis}ivity p for the given sample of the semiconductor decreases with in-
creasing temperature.
(if) The band gap E, for the given semiconductor at room temperature = ... ¢V.
Actual value =..
X e %Emor =
Precautions and Sources of Error a

1. Current should be constant while performing the experiment.

2. Readings should be taken not only while heating the sample but also while
cooling it. Better results are expected while cooling since more stable con-
ditions prevail.

3. The top of the sample should be cleaned very carefully with the finest qual-
ity sand paper to remove any coating formed on it.

4. The pressure on the probes should be just appropriate to make a contact.
Too much pressure can break the crystal. .

5. The sample should be heated to a temperature near about 180-200°C.

6. The tip of thermometer should be well inside the hole and temperature
should be read carefully.

7. Itis assumed here that the bottom of the sample is non-conducting.

8. The surface on which the probes rest should be flat with no surface leakage.

9. The four probes should lie ina straight line.
Weak Points
The resistivity of the sample may not be uniform in the area of measurement

and may affect the results. Although probes are preferred in place of soldered
contacts, the main disadvantage with them is that they may be noisy. This problem

can, however be overcome by keeping the contacts clean and firm.

356 HALL EFFECT

The conductivity measurements are not sufficient for the determination of the

number density of charge carriers (n) and their mobility (i). Moreover these
measurements do not give any information about the sign of the majority charge

carriers. The Hall effect supplies all this information.
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