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Abstract

Apparatus was designed and constructed to make resist-

ivity arid Hall coeffecient measurements at temperatures up to

875 degrees Kelvin. Data was taken on three indium-doped

silicon samples, and resistivity , Hall mobility, and carrier

concentration calculated for temperatures through the ex-

haustion region. The concentrations and activation energies

of -the various dopants were determined by fitting carrier con-
-
‘ 

centration as a function of temperature to the charge balance

equation. Four fits were made to the data from each sample .

In order to determine the effect of assuming a Hall scatter-

ing factor (r-factor) of one , fits were made to low temperature

data al3ne and then with the high temperature data added.

The fits were also made using an empirical, temperature depend-

ent formula for the Ha].]. scattering factor. The results

indicated that the temperature dependent r-factor gave better

• fits for each sample. The values for concentrations arid

activation energies were also in better agreement with values

obtained from other experimental techniques.
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— I. Introduction

The purpose of this thesis is the characterization of

the electrical properties of indium-doped silicon in the

temperature range from 295 to 875 degrees Kelvin. The Air

Force Materials Laboratory is engaged in the study of

~ silicon: indium as a material for use in extrinsic infrared

detectors. The characterization of the electrical properties

is an integral part of that study .

Analysis of resistivity and Hall Effect measurements as

functions of temperature provides one of the most useful

techniques for determining the electrical properties of a

semiconductor material. The resistivity arid Hall mobility

as functions of temperature cart be calculated from the data.

The ratio of Hall mobility to conductivity mobility is known

as the Hall scattering factor (or r-factor). If it were

known , the carrier concentration could be determined to with-

in experimental error. The donor concentration, acceptor

concentration , and acceptor activation energy can then be

found by fitting the carrier concentration to the charge

balance equation with a curve fitting computer routine.

Equipment for making the measurements from 20 to 11.00 K =

• has been in operation in the Materials Laboratory for some

time (Ref 3) .  However, since indium, as a doparit in silicon,

= has an activation energy of approximately 0.16ev, its exhaust-

( ion temperature may be as high as 700 degrees for heavily

I 
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doped samples. The relative error in the calculation of

carrier concentration is at least as large as the relat ive

error in the Hall scattering factor. The exact nature of’

the r-factor is not known , but it is usually close to one ,

• and assuming it equal to one produces good results in

temperature regions where the data is taken directly. How-

ever since the curve fitting routine uses the data to make a

fit from zero degrees through the exhaustion region , an error

• 1 in the low temperature region can be greatly magnified in

the exhaustion region. This error can be reduced by making

the measurements of the exhaustion region directly . Also ,

with the additional high temperature data, a temperature

dependent model for the r-factor can be tested by comparing

fits of carrier concentration calculated using it and values

= calculated using r equal to one.

Apparatus for making the measurements at temperatures

up to 875 K was designed and constructed. Two samples with

indium concentrations of approximately 2 x io16 cm 3 and one

with a concentration of 3 x 1O~~’ cnf 3 were analyzed. Four

computer routine fits were made for each sample . The first

was based on low temperature data and an r-factor of unity .

The high temperature data was then added to determine its

effect on the fit . A fit was then made using the low temper-

ature data with the temperature dependent r-factor. Lastly,

the high temperature data was added to this fit. Comparison

showed that the temperature dependent r-factor yielded the

better results.

2
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The thesis is divided into six parts: (1) theory ; (2)

experimental apparatus ; (3) experimental approach; (Li ) data

analysis ; (5) results; and (6 )  conclusions and recommendations.
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(•• -II. Theory

The first part of this section shows the development of

the equations for determining resistivity, Hall mobility ,

and free carrier concentration from the Hall data. In the

second part , the charge balance equation used to determine

concentrations and activation energies of the various

dopants is developed.

- 
- Van der Pauw Measurements

The technique developed by van der Pauw for measuring

- I resistivities and Hall co-eff’ecients in lemellae of

arbitrary shape permits the measurements to be made in a

simpler manner than with the standard Hall bar approach.

Proof of the theory is developed from conformal mapping of
= the arbitrary shap. (Ref 8) The samples used in this thesis

are cut in a clover-leaf shape so that, with the proper

switching arrangement , current cart be applied between any

two of the corners (Pig I ) .

Li.
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Figure 1 van der Pauw Sample

Resistivity. With a current applied between two

adjacent corners, the resulting potential difference between

the other two corners is measured. R1 is then defined 
as the

( 
potential difference divided by the applied current. R2 is

- 

obtained by applying the current in a direction orthogonal

to the first measurement. R1 and R2 are related by Eq 1:

~~~~~~~~~~ ) + exp (-ir* R~~) 
(1)

where

is the thickness of’ the sample (cm)

is the resistivity of the material

Resistivity (in ohm-cm) is therefore defined by Eq 2:

~ .~~R1/Rg) (R ~i’R~ ) iTt (2)

5
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f(R 1/R2 ) is a dimensionless function . When R1 and R2 are

approximately equal, it may be expressed as:

_ _ _ _ _ _  
Ivt a. (R R.Y’ [(In.t)~ l,

~.21
v a. ~~~~~~~~ ‘I ~ J

Ha].]. Mobility. Mobility is determined in the following

maimer. A current is applied between diagonally opposite

corners , and the voltage difference between the other two
- -  

- corners is measured. The measurement is then repeated with

a magnetic field applied perpendicular to the sample. The

difference between the two values obtained by dividing the

voltages by the applied currents is called R1 and for the

configuration shown in Fig 2, is given by:

£R. v~ o)— v~
(o) 

— _ _ _ _ _ _ _ _ _ _ _ _  (k)
‘~a (°)

_ _ _ _ _ _  _ _ _ _ _ _  B

Figure 2 Hall Mobility Measurement

6
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The Hall mobility (in cm2/volt-sec) is given by (Ref 7:k)s

,O1AI~ (5)
~ ~~Bt

where

ST.. 
B is the magnetic field (gauss)

Carrier Concentration. The resistivity of a material is

defined by:

,
~, p~~~~ ,+ ne.w~ 

(6)

.

~~

- 
—1

where

( p is the hole carrier concentration

VI is the electron carrier concentration

• 1 4(~~is the hole conductivity mobility

the electron conductivity mobility

For a sample heavily doped with an acceptor impurity,

-this reduces to:

(7)

The hole carrier concentration is therefore given by:

Ol ~L44 
(8)

p

( As shown above, the resistivity and Hall mobility are

determined from the measurements. In general, the Hall

_ _ _ _ _ _
_ _ _ _  _ _  A
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mobility is not equal to the conductivity mobility. The

ratio, rzA(/A(~ , is known as the r-factor (or Hall scattering

factor). If the r-factor Is known, the carrier concentration

can be determined to within experimental error;

r (9)

Unfortunately, an exact function for r has ‘ not yet

been determined. It is usually close to one, and is set

equal to one in most analyses in order to facilitate the

calculation of hole concentration. It Is, however,

dependent upon scattering mechanisms and band shapes, and

therefore changes with temperature and dopant concentration

(Ref 6). Baron et al, report a value of 0.69 for an indium-

doped silicon sample with an indium concentration of 3 x 1017

cm ’3 at 600 degrees Kelvin (Ref 1~26). An “empirical”

function for the r-factor developed by Dr. Joseph Lang is •

shown as Eq 10 (Ref 14.),

r (T)= (10)

This model is built upon scattering theory and data and

was adjusted to yield best fits for shallow (low activation

energy) p-type dopant s In silicon. It should be noted that

it has temperature dependence, but no dopant éoncentration

dependence. Both theoretical and experimental work on the

exact nature of the r-factor is under way at the Air Force

Materials Laboratory.

8
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~~~~~~ Balance Equat ion

Intr insic silicon is an n-type semiconductor due to the

greater mobility of the electrons in the conduction , band.

While the production of pure silicon is not possible, material

can be doped in such a manner that the donor and acceptor

concentrations are equal. Such material is termed

“compensated” and behaves as intrinsic silicon would. Doping

- with indium , a group III element, lowers the Fermi level so

that the hole carrier concentration becomes greater than the

• electron carrier concentration. In terms of an energy level

diagram , the indium atoms in substitutional positions may be
• 

-- considered to create an acceptor level lying approximately

0. 16ev above the valence band (Fig 3) .
1 At absolute zero, the Fermi level, ~~~ lies halfway

between the valence band and the acceptor level. As the

E 
Conduction band

1 2  
• 

C

Intrinsic
4 — — — Ef Fermi level

~ Valence band

• Figure 3 ~~tergy Level Diagram for p-type Semiconductor

9



_____________________ , ~~~~~~~~~~~~
‘ ‘~~~~~ 

‘ 
~~~~~-~~r’~ - 

~~~

‘ 

~~~

• ‘ -

~~~~~~~

temperature increases , Ef first falls slightly and then rises.

• At very high temperatures it approaches the intrinsic Fermi
• level, and the electrical behavior of the material becomes

intrinsic. With higher dopant densities, higher temperatures

are required to cause the Fermi level to approach the intrin-

sic Fermi level. (Ref 5:276)

The intrinsic hole concentration cart be calculated by

multiplying the energy density of states by the Fermi-Dirac

probability function for holes and integrating over the

range from the bottom to the top of the valence band. When

is set equal to zero as a reference and Ef is greater than

ItT, the approximate result is (Ref 5:265):

I
• 

~~~~ 
a(arrn~.1* kT~~~ € xp. .~~~~-. (11)

-1 where 
-

.n,, is the effective mass for holes

Ii is Planck’s constant

14 Is Boltzmann’s constant
1’ Is temperature (degrees Kelvin)

arid

E . is the Fermi level energy

The Fermi-Dirac function for acceptor levels as

developed by Putley is valid if the acceptor is in the ground

state (Ref 6~123 )~

10
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~(Ed~)~ 1+.~-. sx’p ES E Q (12)

where

E41a the acceptor energy level

9 Is the degeneracy of the acceptor state

The concentration of holes associated with acceptor atoms is

equal to the concentration of acceptors , Na~ multiplied by

Eq (12). The charge balance equation states that the total

positive charge must equal the total negative charge:

— rid = n+ ~~ — Pg (13)

where

is the donor concentration

is the unionized donor concentration

fl is the election carrier concentration =

p~ is the unionized acceptor concentration

• For Na much greater than N
~
. all the donors will be

ionized so that 
~d 

equals 0. For extrinsic conduction, hole

carrier concentration is much greater than electron carrier

concentration and n can be dropped from Eq ( 13) .  The concen-
• tration of unionized acceptors is Na multiplied by Eq (12),

the probability of the hole being associated with the acceptor

( atom. Eq (13) may then be rewritten:

‘ 1
• •
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- (14 )

• 
- Solving Eq ( ii)  for EfI~kT and substituting into Eq (ui . )

- yields:

Nd (15)

where

— g(a~rmi~ k1)~ (16)

This equation is easily generalized to enclude several

acceptor levels,

P a 
~ ~9, eJip _ _ _ _ _  

( 17)

This form of the charge balan~e equation is especially

useful because it expressed the carrier concentration as a

function of temperature, but not explicitly as a function of

the Fermi level.

In the case of low temperatures such the Ea)) kT, Eq

(114) reduces to:

- 

• 

p ~ 
(t4~
;

14d) J~~ exp ~~~~~~. 
(18)

(

12
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For the special case that N equals Na:

• N Y& 
_ _ _• p~ (

~~1~~~~~ ‘> exp (19)

At high temperatures where Eg>) kT)~”Ea~

(20)

Fig ~i. shows the characteristic curve obtained when ln p

is plotted versus 1/T. In the low temperature region, the

slope is either Ea or Ea/2 depending on whether Eq (18) or

Eq (19) applies. At high temperatures all the acceptors

• become ionized, and the slope becomes -zero. This is known

as the exhaustion region. At still higher temperatures, the

conduction due to intrinsically generated carriers becomes

predominant, and the slope is approximately equal to one-half

the energy gap between the conduction and valence bands.

1

13 
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• III. Experimental Apparatus

The experimental work done was essentially the class-

ical Hall experiment. The difficulties which had to be over-

come were associated with constructing the apparatus to oper-

ate at temperatures up to 875 degrees Kelvin. Since the

melting points of most solders and epoxies are well below
• this temperature, mechanical connections were used. Argon

gas was passed over the sample during heat ing to minimize

-‘ oxidation processes. Also , care was taken -to ensure that no

materials were used which might alter the uniformity of the

magnetic field.

This section describes the oven and sample holder. The

sample and van der Pauw system are also discussed.

Oven

The heating component of the oven is a ceramic tube

I i - wound with resistive heating wire and insulated with asbestos,

A quartz tube which fits inside the heater is closed on one

F end and has an inlet and an outlet for the argon gas. It is
• 

operated vertically with the top closed by a rubber stopper.

The thermocouple leads and sample contact wires are contained

in thermocouple tubing extending through the rubber stopper.

Also , the stopper supports a stainless steel rod which, in
turn , supports the sample holder. Access to the sample

holder is obtained by removing the stopper , rod, and sample

( holder as one piece.

15
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.

- ‘ ~~
• .. stopper

argon outlet =

sample 
- ceramic tubeholder and

insulation

l j — quartz tube
argon inlet

• Figure 5 Oven

Temperature control is effected by art on-off thermostat

control with a Chromel-Alume l thermc-couple located between

the ceramic and quartz tubes providing the feedback. A Variac

placed in series between the controller and heater allows

for use of smaller heat ing currents at lower temperatures.

Sample Holder

The main body of the sample holder is a copper block

which serves as a platform for mounting the sample, connect-

ions , and thermocouple , Due to its large thermal mass , it

also increases temperature stat’ility. The sample is mounted

on a wafer of beryllium oxide , an electrical insulator and
• thermal conductor. The center of the copper block is cut out,

and brass bolts are used to “sandwich” the block between two

16
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(a) (b) (c)

Figure 6 Three Views of Sample Holder; (a) Front ,
• (b) Side , and (c) Rear

• wafers of beryllium oxide. Besides securing the wafer to

the block , the bolts hold the stainless steel clips which

contact the corners of the sample . The clips provide both

electrical contact arid mechanical support to the sample .

Copper wires run from the bolts out through ceramic thermo-

couple tubing.

Sample temperature is measured by a Chromel-Alumel

thermocouple located on the reverse side of the wafer on

which the sample is mounted. The sample holder is enclosed

in a copper sleeve which acts as a radiation shield.

17
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Figure 7 van der Pauw Sample with
• 

-~ Aluminum Contacts

- 

Samples

The samples are cut in the “clover-leaf” shape with art

ultrasonic cutter. Sample dimensions are shown in F~g 7;

thicknesses range from 0.071 cm to 0.091 cm. The contact

areas have a thin film of aluminum, a group III element with

an activation energy less than that of indium, evaporated

onto them.

Van der Pauw System

The van der Pauw measurements described in section II

require a switching arrangement to change the current and
• voltage leads . The six van der Pauw positions are shown in

• Fig 8, and the experimental system is shown in Fig 9

Ref Li.,698). The configuration shown in Fig 9 corresponds to

positions (b) of Fig 8, but all six positions can be achieved

by means of the six-section six-position rotary switch.

18
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Figure 8 van der Pauw Positions (Ref 3:698)

I I 
J4_— sam~ie

—
p six-section six-position rotary switch

~ammeter
power 

________________

~supp1y I differential
power 

~~~~~~ 1 ___  
a.i~ ieter DV)!

supply t IJ.~ relay
relay

4 / Figure 9 van der Pauw System
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Thermacouple
Voltage

Hewlett-Packard
311.80C Digital
Voltmeter Sample Voltage

_____  Hewlett-Packard
311.80B Digital

Voltmeter

Power Supply

• Kepco
CK 36 1.SM Ammeter

_ _ _ _ _ _ _ _  PAR 1311.
- 

_____________  

Electrometer

Magnet Power Supply
Varian V2200A Gaussmeter

Bell 620Magnet Assembly
Varian VL1.00L1.

I
• •

Figure 10 Experimental Equipment
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- - IV, Experimental Approach

After the sample is mounted in the holder, the contacts

are checked to ensure that their resistances are approximately

equal and ohmic . For a given voltage applied across the

sample , the current should be the same in each of the six

van der Pauw positions, and with the current in either

direction . The contacts are ohmic if an increase in the

• applied current results in a proportionate increase in the

measured potential difference.

The sample holder is then positioned in the oven so

that the sample face is perpendicular to the direction of
= 

the magnetic field. A high flow rate (approximately 20 cubic

feet per hour) of argon gas is used to purge the oven. This

prevents ,xidat ion of the sample and the sample holder

• components. After five minutes the flow rate is cut back to

maintain a slight positive pressure. The argon entering

from the bottom results in a slow, uniform diffusion up

around the sample. Approximately 5 cubic feet per hour is

sufficient to prevent oxidation at temperatures up to 700

degrees Kelvin, but higher flow rates are necessary above

that temperature.

The desired temperature is set on the thermostat, and

• the system allowed to come to equilibrium. Since the heating

is essentially radiative and the copper sample holder has a

large mass , the process is quite slow. The time required

may be decreased by first heating the ceramic portion of the

21.
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oven to a higher temperature, arid then setting the thermostat

at the desired temperature.

Data from van der Pauw positions 1, 2, and 5 or from 3,
11 , and 6 is sufficient to make the resistivity, mobility, arid

carrier concentration calculations. To eliminate possible

errors associated with achieving an exactly zero magnet..c

field, the readings for positions 5 or 6 are made with the

field in both normal and reverse polarity. The absolute

‘l difference between the two values obtained is divided by

two to obtain theAR used in Eq (5) . Also, the readings for

• 
• all the measurements are made with the current applied in

• 
• both forward and reverse directions. With the data taken

for each set of positions and with the current in each of

the two possible directions, four independent sets of data

are obtained for each temperature point.

Data points are spaced approximately 50 degrees apart .

Calculated values are usually plotted versus inverse temper-

ature. Since l/T varies slowly with respect to T at large

temperatures, it is not necessary to make the data points

• any closer together.

The computer routine used to match carrier concentration

to the charge balance equation assumes only extrinsic con-

duction, Therefore it is not necessary to take data above

the exhaustion region except to ensure that exhaust. . ~n has

indeed been reached, High temperatures may result in activ-

ating oxygen atoms and cause other changes in the sample. To

( avoid unnecessarily high temperatures, the concentration is

22
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calculated and plotted during the run. Once the behavior
- • becomes intrinsic , the sample is allowed to coal, ax~d”the~~

room temperature measurements are repeated to ensure the

I characteristics have not been changed by the high tempera-

turea.

I

,

‘~ L .
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V. Data Analysis

The first part of this section describes the computation

j  of resistivity, mobility, and free carrier concentration.

The second part discusses the program used to obtain the

concentrations and activation energies of the dopants.

Resistivity, Mobility, and Concentration

A computer program is used to calculate resistivity,

mobility and carrier concentration using Eq (2), (5) ,  and

• 
•~ 

(9) with an r-factor of one. Each of the four independent
- 

sets of data is treated separately so that four values of

each characteristic are obtained at each temperature point.

• The program averages the values for forward and reverse

current and makes plots versus inverse temperature . The

two values at each temperature point represent the two

sets of switch positions.

Fitting Program -

• This routine uses a least squares fitting technique to

fit carrier concentration and temperature to the charge

balance equation:

(17 )
ex ”N ,

( The carrier concentration (calculated from Eq (9)) and

thE corresponding temperature are fed into the computer with

- 

211
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~ estimates of the donor á~ ncentration (Nd) and the acceptor

-
• 

concentration (Na)p activation energy (Ea)s and degeneracy

(g) for each acceptor level, Each of these estimated values

may be fixed or allowed to vary. In this thesis the degen-

eracies are assigned their ~‘known ” values, and the other

parameters are allowed to vary. The computer routine adjusts

these parameters through several iterations to arrive at

values for which the p(T) calculated from Eq (17) best fits

the input data points. The printout contains the values

-~ which yield the best fit , and it shows the per cent differ-

ence between the experimental concentration and the p(T )

calculated from the best fit parameters at each experimental

data point. A plot of ln p versus 1000/T showing the exper-

iinental points and p(T) Is also generated.

As was noted previously, the program assumes only

extrinsic conduction and so extends the exhaustion plateau

- 
- to infinite temperature. The program can be used to fit

concentration up to the exhaustion region based only on data

• from temperatures below the exhaustion region.. This was

necessary for indium-doped silicon studies in the Materials

Laboratory prior to the experimental work this thesis repre-

I
The program has the capability of using the concentration

as computed with an r-factor of one or adjusting the concen-

tration by r(T) as the data is read in. Where r(T). is given

bys

- 
- r(T)=o.$’fr 1.J2T (10)

~o~~~~~~)
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This thesis uses the fitting routine -with each r-factor in

computing concentrations and activations from the low temper-

ature alone, and then makes the same two fits with the new

data from the exhaustion region added. This is done to

determine and reduce the error caused by extrapolation from

• low temperature data and to test the empirical r(T) given

by Eq (10),

t j 
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VI. Results

This section is divided into three parts. The first

describes the testing of the designed equipment. Next,

the relat ive error in the calculat ed concentrat ions is

discussed. The last part is an analysis of the results of

the data reduction.

Testing of Apparatus
- 

I The apparatus was first tested at room temperature

to ensure that the electrical contacts to the sample worked

properly. The contacts proved to be ohmic , and for a constant

power supply voltage , current through the sample was approx-

• imately equal in each van der Pauw position and in each dir-

ection. The stainless steel clips were removed , and gold

wires attached to the contact areas as used in the low temper-

ature system. Measurements proved to be the same in each

arrangement . The stainless steel clips were later found to

be slightly magnetic and were replaced with clips fashioned

from a Columbium alloy . Again , the Hall measurements showed

no change , so the stainless steel was used because of its

higher resistance to oxidation. The last check was the

rotation of the sample in the holder by 90 degrees. As

expected , the ratio of R 1 to R2 was inverted , and the measure-

• ments were otherwise unchanged.

A high temperature run was then begun on an indium-

doped test sample. Exhaustion was reached at about 500

- , 28
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~ 
L- degrees Kelvin with a concentration of io17 cm 3. At temper-

F aturee above 650K, the sign of the Hall signal was reversed

I 
I 

indicating that the sample had become n-type. The sample

was run to 760K, and then allowed to cool to room temperature ,
- S where measurements following the run showed the sample char-

acteristics to be unchanged.

The first attempt to run the apparatus to its design

limit of 875 degrees was unsuccessful. Above 750 degrees

‘the contact performance became unsatisfactory The run was

cont inued with the oven and temperature control working well .

Upon return to room temperature , the contact problem persist -

ed, and the aluminum coating on the contact areas showed

signs of oxidation. A second run with the argon flow doubled

above 700 degrees resulted in good operation of the system

through the entire temperature range .

Error Analysis

If the expressions for~~ and.q are substituted into

Eq. (9) and like terms cancelled:

p~~~~r 10~~
’ (21)

A Ret

In terms of measured values this is:

-vBr IhI SO (22 )
V~ et

29

— _•A____•_______• -•a•-----•---- -



~~~~.

‘ 

~~~~ ~~~

‘ ‘

~~~~~~

‘

~~~~ 

- -

where

X~ is the applied current

V~is the voltage change due to the magnetic field.

Therefore, the relative error inp due to errors in measure-

ments is:

C (~a/ ( J
t 
+ (i~i÷(~) 

2.~ 
(2 3 )

* The magnetic field, applied current , and sample

thickness can all be measured to within one per cent . The

Hall voltage , VH~ 
cannot be determined as precisely. The

Hall coefficient is defined by:

I,

J~ ~~~~~~54 10 (211)N

The Hall voltage is:

(25)

For high concentration samples, the Hall coefficient becomes

very small at high temperatures. The magnetic field strength

is limited to four kilogauss by the pole separation necessary

to accomodate the oven. Therefore, the only way to increase

the Hall voltage is by increasing the current. Care must be

• exercised , however , to avoid Joule (12R) heating of the

sample. This would result in the sample temperature being

higher than that registered by the thermocouple, and would

30 
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• cause an artificially high concentration value. With these

limitations, the error in the voltage reading varies from

about three per cent at room temperature to about six per

cent in the exhaustion region. It becomes even higher in the

intrinsic region, but these values are not used in the curve

fitting routine. From Eq. (23) the relative error due to

errors of measurement is dominated by the voltage uncertainty

and varies from about three per cent to six per cent depend-

ing on temperature.

- • • There is also a source of error due to th~ dependence

of carrier concentration on temperature. The region of

interest with the greatest temperature dependence is the

region dominated by the Ea/2 slope. The relative error is

shown in Appendix C to be:

Ap ~~[3  + -
~~~~~~~~ 1 AT ‘ 

(26)
p 1, 14 . a kr J -r

It is readily seen that the error decreases with temper-.

ature. The Chromel-Alumel thermocouple used is accurate to

within three degrees. Therefore, the maximum error at 300

degrees is L1..75 per cent. As a test of the thermocouple

accuracy, the sample was left in an isothermal enclosure with

a mercury thermometer and a sample holder with a silicon

diode thermometer. The temperature difference between any

• two was no greater than 0.75 degrees. Therefore, the relative

error due to the temperature reading is probably less than

two per cent.

31 
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The results of the data analysis are shown in Appendix

A. Comparison of the two values reported for each data point

shows that they never differ by more than five per cent for

points below the intrinsic region.

Results of Data Reduction

Appendix A shows the results of the calculations. The

table for each sample shows the resistivities, mobilities,

• and free carrier concentrations based on an r-.factor of

unity. Following the table are the three plots of these

quantities versus 1000/T. The final four plots are the

results of curve fitting to determine activation energies

and donor and ac’ceptor concentrations. The first fit is made

with r equal to one and with low temperature data only. The

second includes the high temperature data. The carrier

• concentrations are computed from low temperature data using

the empirical r-factor given by Eq (10) for the third fit,

and the last plot shows the result obtained using all data

with the empitical r-factor. Table I is a comparison of the

activation energies and donor and acceptor concentrations

obtained from the four fits to each sample. The chi squared

per degree of freedom,X4, is a relative measure of the

quality of the fit. Except where otherwise stated, carrier

concentrations are based on an r-factor of one.

Sample 0111.5. This sample was projected from analysis

• of low temperature data to contain about ~ x io
16 cm 3 indium

and IO13 cni3 aluminum. Exhaustion actually occurred at 11.80

32 
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degrees Kelvin with a free carrier concentration of about

3.8 x to16 cm 3’ Examination of the results show the resist-

ivity to be on the order of 1 ohm-cm with the minimum at

just above room temperature. Hall mobility decreases with

increasing temperature and is approximately 100 cm2/volt-sec.

Comparison of curve fitting results shows much better

agreement between low data alone and the combined data if

• the empirical r is used. Indium concentration from a fit of

all data is about 13 per cent lower then that projected from

low temperature data when the r-factor is assumed to be one.

Table I shows that the difference between the two is almost

non-existent if the empirical r-factor is used. Also , the

chi squared per degree of freedom is much lower in the fits

made using the empirical r.

Sample 0151. This sample was cut from the same boule

as sample 01)45. It exhausted at about 440 degrees and a

concentration of 3.0 x io16 with the exhaustion temperature

being lower due to the smaller concentration. Hall mobility

and resistivity were approximately the same as in sample

0111.5.

Examination of the curve fitting results reveals little

change from the previous sample. The larger X.& is due to the

deviation in the lowest temperature point. That point causes

the low temperature slope to be shallower , and yields a low

value of 0.068 ev for the aluminum activation energy. The

quality of the fit remains better when the empirical r is

used.

33
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Comparison of Fitting Results

r equal to one empirical r

low T only all data low T only all data

0111.5
Nd 5.19E+12 5.06E+12 Ll.511.E+12 L1..53E+12

N1~ 
5.28E+16 11.67E+16 2.87E+16 2.87E+16

E1~ 0 16)4. 0.161 0.159 0.159
NA1 1.24E+13 1.22E+13 1.26E+13 1.26E+13

EA1 0.069 0.069 0.070 0.070

1.7 2.1 1.6 1.k

0151
Nd 1.07E+13 1.0L1.E+13 9.30E+12 9.L1.2E+12

N1~ 3.98E+16 3.7kE+16 2.16E+16 2.26E+16
E1~ 0.163 0.162 0.158 0.158
NA1 1.53E+13 1.l19E+13 1.112E+13 1.114E+13

- • 

EA1 0.068 0.068 0.068 0.068
3.9 3.3 3.7 2.8

0228
Nd 6.2oE+13 1.27E+14 6.91E+13 - 9.1Z1.E+13
Nm 8.15E+17 5.70E+17 3.39E+16 2.95E+16

0.166 0.160 0.157 0.155
Nx 5.111E+13 1.02E+lk k.95E4 13 6.oM.E+13
Ex 0.101 0.096 0.101 0.099

0.9 
• 

3.6 0.8 1.0

(
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Sample 0288. This sample was cut from a wafer supposed

to contain about ~ x 1017 cm ” indium. It was run first on

the high temperature apparatus . Indium solder was then used

- -~ to attach gold wires to the aluminum contact pads, and the

sample run on the low temperature apparatus described in

Ref 3.

Exhaustion occurred at about 600 K with a carrier con-

centration of 3.5 x 10~~ cm ’3. Low temperature data revealed

the presence of’ the X—level acceptor first reported by Baron,

et.al. (Ref 1:2k). This is an indium associated acceptor of

uncertain origin. Resistivity varies from greater than ~o
6

ohm-cm at 60 degrees Kelvin to a minimum of 0.3 ohm-cm at

11.25 degrees. Hall mobility decreases from greater than 10~

cm2/volt-sec to 20 cm2/volt-sec at 7~46 degrees, the highest

temperature measured.

Due to the greater range over which the low temperature

data must be extrapolated , the difference between measured

values and the concentration determined from fitting the low

temperature data is greatly magnified. The experimental ex-

F 

haustion is less than one half the predicted 8.15 x 1017.
When the empirical r-f’actor is used, the fits from all data

and from low temperature data alone are in much better agree-

ment. A comparison of the X’1’s for fits of all data using the

two r-factors , shows a X~a of 3.6 for r equal to one and 1.0

for the empirical r .

To summarize , the value for carrier concentration deter-

mined from Hall Measurements will always be in error by at

35 •



( least the uncertainty in the r-factor , the ratio of Hall
• mobility to conductivity mobility. While assuming r equal

to one will usually result in an error of no greater than

about 30 per cent , it is magnified when the low temperature

data alone is used to obtain a fit to a sample with a high

temperature exhaustion. There are , therefore , two errors

associated with the uncertainty in r when determining indium

concentration; one from the actual uncertainty at a given

temperature , and the other caused by the propogation of the

error from lower temperature data. Determination of the

- - carrier concentration in the exhaustion region directly from

Hall measurements lessens the propogation of error from low

temperature data. As seen in Fig A22, however, the best fit

curve still is above the high temperature points , and the over

all quality of the fit is poor . Even if it were possible to

obtain a perfect fi t , the concentration would still be in

error by the ratio of 44, to.4(c, at that temperature.

The fact that the fits for all temperature data and low

temperature data alone yield similar results when the empir-

ical r-factor is used shows that it is at least approximately

correct. Another supporting argument is that the activation

energy for indium is in much better agreement with its optic-

ally determined value of 0.155 ev.

The temperature dependence of the empirical r was devel-

oped from scattering data and by fitting data from samples

doped with impurities which reach exhaustion in the low temp-

erature region. It appears to be at least approximately
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correct at temperatures up through the indium exhaustion

temperature , and certainly yields better results than assum-

- ing the Hall mobility and conductivity mobility to be equal .
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VII. Conclusions and Recommendations

The apparatus may be concluded to fulfill the purpose

for which it was designed. Temperature control is good

throughout the range from 295 to 875 K. The resistivity and

Hall measurements are reproducible , and the data is self-

consistent .

The ma j or drawback to the set up is the long time re-

quired for the temperature to stabilize at each new data

point . The time required could be shortened by wrapping

heat ing wire around the ends of the sample holder and adding
S

another thermocouple for feedback. The oven could then be

held at a temperature lower than the desired sample temper-

ature , and a temperature controller used to regulate heating

current in the wire . This arrangement should lead to savings

of time in data collection and to more precise temperature

control and selection of dat a points.

Carrier concentrations measured directly in the exhaust-

ion region are smaller than those predicted by fitting the

low temperature data when the r-factor is assumed to be unity.

If the empirical r-factor is used in calculating the carrier

concentrations, however , the high temperature measurements

-~ agree well with the predictions based on low temperature data.

Experimental and theoretical work is under way to determine

the exact nature of the r-factor, and the fact that the

experimental results of this thesis support the empirical

r-factor indicates that the research is proceeding in the

38
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correct direction . In the meantime , carrier concentrations

may be determined more accurately using the empirical r-factor

rather than an r-factor of unity. Acceptor concentrations ,

acceptor activation energy levels , and donor concentrations

may then be determined quite accurately from low temperature

data alone .

As i~oted previously , the fitting program assumes only

extrinsic conduction. However, the exhaustion region of

• silicon-doped indium is at a high enough temperature that

intrinsic conduction is noticably present . This is evident

— - from the fact that the exhaustion region is a sort of • -
• shoulder rather than a flat plateau. Inclusion of the intrin.-

sic term in the fitting program would result in a more real-

• istic fit of the data to the curve. The calculated carrier

concentrations from data points up through the exhaustion

range could be included in the fit. A prerequisite to the

inclusion of the intrinsic election carrier concentration is

• the calculation ~f the electron density of states effective

mass for silicon. -

- 
• 

Finally, the apparatus may prove useful in the analysis

of thallium-doped silicon. Thallium has an activation energy,

and therefore an exhaustion temperature, higher than that

of indium. The system has been tested at temperatures up to

- 875 K and is limited by the 933K melting point of the alumin-

urn used to coat the contact areas of the sample. Carrier

concentrations measured at these high temperatures should

- I • 

provide valuable data in the thallium study.
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Appendix A

This appendix contains the results of the reduction

of data taken on four runs. The high temperature results

for samples 014.5 and 0151, and the high and low temperature

results for sample 0288 are shown. Units of the character-

:1 istics are as follows:

resistivity ohm-cm

Hall mobility cm2/volt-sec

concentration cm 3

I I Following the tabulated data for each sample are

graphs of the characteristics versus 1000/T . The last

- 

I 

four plots for each sample are the fits to the charge

balance equation. The quantities listed on the plot are in

the following units:

concentration cm ’3

activat ion energy ev

Al
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Sample 0145 High Temperature

Table~~~

TEMP 1000/T RESISTIVITY MOBILITY CONCENTRATION

295.6 3.38 .116E+ol .309E+03 .174E+17

295.6 3.38 .116E+ol .310E+03 •1711.E+17 
-

•

321.5.8 2.89 .112E+01 .20Z1.E+03 .272E+17

321.5.8 2.89 .113E+O1 .213E+03 .260E+17

11.00.6 2.50 .123E+01 .149E+03 .340E+17

Li.oo.6 2.50 .123E+01 .151E+03 .335E+17

1143.9 2.25 .139E+O1 .122E+03 - .368E+17

Ls43.9 2.25 .138E+01 .121E+03 •375E+17

479.9 2.08 • 153E+01 .107E+03 .379E+17

4.79.9 2.08 .l5kE+O1 .107E+03 .379E+17

514.6 1.94 .171E+O1 .919E+02 .396E+17

514.6 1.94 .171E+01 .890E+02 .409E+17
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SAMPLE- NO.6! IN 0145
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Figure Al 0111.5 Resistivity Versus 1000/T
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I L ~~~~. SAMPLE NO.61 IN 0145
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Figure A2 0145 Mobility Versus 1000/T
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SAMPLE NO.51 IN 0145 
•
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1000/1 (1/K )

j Figure A3 0145 Concentration Versus l000/T
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SAMPLE NO. 0145

r Equal to One
Low Temp Only

Nd 5.19E+ 12
N1~ 5.28E+16

0.164

NA1 1.211.E+13
E A O.069

• 0•

0. 00 8.00 18.00 24.00 32.00 40.00 48.00
1000 /1  ( 1/ K )

Figure A11. r 1, Low Temperature Data
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SAMPLE NO. 0145

~~~ 
r Equal to -One
All Dat a
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L SAMPLE NO. 0145

‘~ : ~~ Empirical r

--  

Low Temp Only

Nd k.~~E412

\ N~~ 2.87E+16
0. 159

\ NA1 1.26E+13

\ 
EAl O.070
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SAMPLE NO. 0145
- I —.~~~~~ Empirical r

All Data

N 4.53E+12
N1~ 2.87E+16
E-,. 0.159
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0 

\ 
N 1.26E+13
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H 00-
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Figure A? Empirical r, All Data 
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Sample 0151 Hi~~ Temperature

Table III

TEMP 1000/T RESISTIVITY MOBILITY CONCENT RATION

295.21. 3.39 .131E+Oj . .320E+03 .1119E+03

295 .21. 3.39 .131E+O1 .322E+03 .111-8E+17

321.8 4 2.87 .131E+Ol .241E+03 .223E+ 17

348.4. 2.87 .131E+01 .212E+O3 .225E+17

393.1 2.54 .143E+O1 .163E+03 .267E+17

393.1 2.54. . 143E+O1 .152E+03 .268E+17

- j  44.2.4 2.26 .165E+O1 .128E+03 .295E+17

442.1 2.26 .165E+Ol .127E+03 .298E+17

503.6 1.99 .202E+O1 .956E+ 02 .323E-’-17

5021.1 1.98 .203E+01 .956E+02 .322E+17

558.2 1.79 .238E+O1 .738E+02 .355E+17

558.2 1.79 .238E+O1 .740E+02 .354E+17

568.1 1.76 .243E+O1 .687E+02 .3711Ei-17

568.1 1.76 .2213E+01 .700E+02 .367E+17

-- 
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SAMPLE NO. 61 IN 151
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Figure A8 0151 Resistivity Versus 100O,~T
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Figure *10 0151 Concentration Versus 1000/T
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SAMPLE NO. 0151

r Equal to one
Low Temp Only
Nd 1.07E+13

-~~~ 
‘
~4t Nm 3.98E+16

\ E~~~0.163• \ NAl 1.53E+13

rI 0 E~1 0.068

~~~ 3.9
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0-

1 I I
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Figure Al l Low Data~ r - 1
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SAMPLE NO. 0151

~~: 
‘
~~L r Equal to One

‘-I
l “S. AU Data

I \— :  Nd 1.O4E+13

\ 
N~~ 3.74Ei-16

0.161

- \ 
NAl 1.’19E+13

\ E 0.068
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Figure A12 All Data , r - 1
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SAMPLE NO. 0151
-

• ‘ —i Empirical r
,- Low Temp Only
•

1

— :  Nd 9.30E+12
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~~~~~~
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Figure A13 Low Data, Empirical
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S A M P L E  NO. 0151

Empirical r
All Data
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Figure £14 All Data, Empirical r
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Sample 0288 High Temperature

Table~~~

- TEMP 1000/T RESISTIVITY MOBILITY CONCENTRATION

294.9 3.39 .351E+O0 .242E+03 .736E+17

294.9 3.39 .352E+O0 .242E+03 .735E+17

-
~~~ 318.9 3.14 .319E+OO .2021E+O3 .959E+17

- 318.9 3.14. .317E+OO .202E+03 .975E+17

366.7 2.73 .280E+OO .151E+O3 .148E+18

366.7 2.73 .279E+OO .147E+03 .153E+18

-H 410.4. 2.4.4 .265E+OO .117E+O3 .202E+18

— 

— 1 4.10.4. 2.~44 .265E+OO .117E-.-03 - .201E+18

F 477.1 2.10 .266E+OO .871E+02 .269E+18

4.77.1 2.10 .266E+OO .883E+02 .266E-i-18

524.5 1.91 .277E+OO .722E+02 .312E+18

• - 525.2 1.90 .278E+OO .720E+02 .312E+18

563.2 1.78 .292E+OO .644E+o2 .332E+18

563.2 178 .292E+OO .659E+02 .324E+18

611.1 1.64 .315E-i-OO .5521.E+02 .358E+18
- 

609.6 1.64. .313E+OO .547E-~-O2 .36L1.E+18

664.4. 1.51 .340E+OO .459E+02 .400E+18 F

664.21- 1.51 .340E+OO .468E+O2 .394E+18

688.8 1.4.5 .351E+OO .385E+02 .L1.63E+18

- 

1 688.8 1.Li.5 .351E+0O .363E+02 .4.91E+18

746.3 1.34 .338E+0O .220E+02 .821-OE+18

746.3 1.34 .335E+0O .213E+02 .876E1-18
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SAMPLE NO.51 IN 0288
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Figure AlS 0288 Resistivity Versus t000/T (High) - - 
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2. SAMPLE NO.6! IN 0288
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Figure A16 0288 Mobility Versus 1000/T (High)
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SAMPLE NO.61 IN 0288

Li gi..
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I 

+

1.20 1.60 2.00 2.40 2.80 3.20 3.60
- 1000/1 (1/K )

Figure A17 0288 Concentration Versus 1000/T (High )
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1 - ~ Sample 0288 Low Temperature

Table V

TEMP 1000/P RESISTIVITY MOBILITY CONCENTRATION

55.2 13.11 .115E+09 .287E+Oil. .189E+08

61.5 15.26 .599E+07 .274E+04 .381E+09

64.9 15.40 .138E+07 .263E+OL1. .172E+lO

74.9 13.35 .360E+ O5 .232E+04 .721.9E-I-11

- 1 80.0 12.50 .779E+O4 .219E+04. .365E+12

90.0 11.11 .7014E+03 .198E+04 .Ls.48E+13

105.0 3.52 .625E+o2 .185E+04 
- 

.539E+14

120.0 8.33 .lL1.8E+02 .169E+o4 .249E+15

150.0 6.67 .301E+01 .126E+0k .165E+16

200.0 5.00 .875E+O0 .655E+o3 .109E+17

250.0 4.00 .481E+OO .386E+03 .337E+17

300.0 3.33 .3412+00 .2432+03 .754.2+17

360.1 2.78 .281E+00 .l65E+03 .1352+18

A22
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SAMPL E NO.61 IN 0288
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Figure A19 0288 Mobility Versus i000fl (Low)
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SAMPLE NO.61 IN 0288

~1. +

0

+

Ii

H
+

2

+

0
,- I

’i i - . +

0 .

0•

Sb-
0~ +

+

0~
F
-

+

I I I

0.00 4.00 v.00 ‘2.00 16.00 20.00 24.00 —

1000/1 (1/K )
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Appendix B

This appendix shows the derivation 0! the slope of in p
versus i/p in the extrinsic region . In general , for low

temperatur e , Eq (18) applies :

I:- p= 
(Hd

N
;NcI) 

— exp -1.;- -

Taking the natural logarithm of each side :

Inp In(~~~~~’)+In N~~
_ 

~~~‘ (B2)

Only the last two terms are temperature dependent. NF con-

tains the terms [Mh*(T)] 
‘
~ and 7 ~~~~~~ so Eq (B2 ) may be

written as:

In p =In C0 -,- In C~+-4~—)n m,,~ T ‘

~~~
.. (B3 )

where

-

. 

_ _ _ _ _ _ _  (Bk)
• N43

I 
_ _ _ _ _ _ _ _  

(B5 )
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Letting X = i/T and taking the derivative with respect to Xs

~ = _ _ _ _  — .-~~~~~~_ _...~~a 1m (”i)J (B6 )

Since the variation of effective mass with respect to inverse

temperature is small compared to the other two terms :

- 

- A m p  ‘
~~ 

J

~~~~~~~~~
($.) 

(B7 )

For the special case that N = Na l Eq (19 ) applies:

_ _ _ _  _ _ _

• 
_ _ _ _ _  

SXP ~~~~~~~~~. (B8)

Proceeding in a manner similar to the above 1 Eq (B9 ) is

obtained : -

~~~~~~~~~~~~~~~~~~ T +_

~~~~~~

_

~ 
~(J~.) (B9 )

At low temperatures such that Ea is much greater than

kP, the temperature term in Eq (B7) and Eq (B9) may be

ignored and the slopes are approximately Ea/k and Ea/2k
• respectively .

32 J
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- - Appendix C

- This appendix derives the relative error in free carrier
- 

concentration due to temperature error for the region char-

acterized by the Ea/2 slope . The concentration in this
- 

region is given by Eq (19): --

H 
(ci)

where

-
- 

• 

~~~ (C2)

ft
- thus , 

-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
(C3)

- Taking the derivative with respect to Ti

g

~~ 

~~~~~~~~~~~~~ )
1~ [3T~~.p

-I. + ~~~~i’~~) (1’)exp ~~ -} (C4.)

+ (c5)

(

H ci 

—- • — --------- -~~~~~~-— - --- -~~~~ -~~ -
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H
-
~~ 

- ~~~ 
+ .1 

- 

(C6)

Since:

d p ~~T_ (C?)p dT P

then: 
-

-

~~~~ 

A ; 
~~~~~~ 

+
~~~

}
~

-,- • (C8)

- or equivalently:

~ 
Ed lA r (C9)

p 
.IkTJ T 

-

(

- 

C2

=~~- -• -~~~~—--~~~~~~~~~~ . . -~~ -~~~~-— 
- 
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