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ABSTRACT 

Electrical characterization of n-type GaAs. single crystals with. 
, , . 

high impurity concentration was made and the experimental sèt-up 
, 

required.is described. The electrical behavior of the investigated 

samples is explained QY a two-band conduction, tHe second being 
\ • J " 

the impurity band where metallic-like conductlvity·was observed 
~ , 

at very low temperature~, The total i~purit1 concentration~ as 

w~ll as the compensation ratio are deduced;from ~he value of the 

mobility due to ionized-impurity 'scattering. Also, the ionizati0n 

\ 
energy ef the donor impurities is estimated from the temperàture 

dependence of the conauctivity at lo~ temperatures . 
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Nous avons mesur~ les caract~ristiques ~lectriques de monocristaux 

de GaAs, de type n avec une forte~concerïtration d'impur~tés. Nous 

donnons une description de l'appareillage nécessàjre aux mesures. 

Le comportement él ectri qùe des échantHlons mes urés es t ana lysé à 
~ • <1-

l'aide d' un'lnodèlê à deux bandes, la seconde étant une bande d'lm-

puretés où on observe, à t~ès basse température, une conductivité 

de type métallique. La Go~centration totale en impuretés ,ains~ que 

le "rapP0rt de"corc-efl-t-ration sODt 'd~duits de la valeur~de la mobilité, 
\, ( 

qui ,est due à la' diffusion. par impuretés ionisées. De plu's, l'énergie 

d'ionisation des donneurs est estimée à par.tir de la 'tIependance .en .. 
" , 

température de la conductivité dans la région des· basses températures. 

, . -

! . 

\ 

\ . 
\ 

" .. 



" \ 

~ 

) 
, ,. 
\ 

\ 

.\ 

\ 
\ c) 

\ 
\ 

\ 

'" 

1\1 \1 

.1 
1 

, 1 

\:1 

. 
1 

. ~ 
,-. 

\\ 

, J 

ACKNOWLEDGEMENTS 
J 

i i i 

, . " 

1 am ind:ebted'tomany people for the ~ssistance'I have received in' 
\ ~ . 

prepar'Ïng ..and writing the present the~is. 1 am, in particular, indebj:ed to 
• ,. t' ~ • 

, . 
my'supervisor,. Professor p. Walsh, whose advice and guidance greatly enhan-

ced my work. 1 would also like to extend my gratitude to the Solid Stat~ 

group of the Physics Department of McGill University and especially to '. " 

J. Auclai;, resear&h assist~nt, F. Van Gils, technicia;, and M. Baibich., 

whose technical'I advice was 'very helpful. The'l1~lp of my friands, ,T. Kefaltls 
, ... , '. 

and S. proZiromou in making most of the, ~raphs is greatly appreciated. Many 

thanks also ta Joanne Hay for her excellent typing. , . 
The financial support was fro~ the Physics Department of McGill. . ' 

University, as well as from,NSERC in the form of a strategie energy grant p 

for a high effkiency GaAs Photovoltaic Cel1. 1 \'Jou1;,d truly llke to thank 
,) ". 

both of them. 

il 

\, 

\ 



t \ -. ,1 

! iv 
\ 
1 
1 
1 
1 '" 
1 TABLE 
\ 

OF CONTENTS 
\ 

\. 

\ ' \ ' , 
\ ABSTRACT, i 

,1 , . y-

I 

RESUME i i 
, 

ACKNOWLEDGEMENTS ' i i i 
.' 

CHAPTER 1 Introducti on 

CHAPT ER II Elements of Semiconductor Physic? 

2. l Energy.bands aRd impurity energy level~ 3 
1 

2.2 Carrier concentration .... Matt transition 6 

2.3 Electrical transport phenomena 15 ~ 
2.4 Measurements of transpqrt properties 24 

2.5 Crystal growth by Organometallic- Vapour 

Phase Epitaxy (OM-VPE) 27 
Q 

!--. 

CHApT ER III Experimen~l~appar~us and procedure 

) 3. l Crystal growth apparatus 30 

3.2 çontact deposition apparatus 32 

3.3 . , The Cryogenie Temperature Control system 32 

3.4 The Magnet Control ~ystem 36 

'3.5 The Electrieal Measur;'ng- Circ!,.lÏt 36' , 
1 " . 

3.6 Preparation of tlie ?ampl es 40 - .. 
, 

3.7 Hall measurements 41 

CHÀPTER IV Experimental' resu;ts an~ discussion 
1 • 

0 

4. l Temperature dependence of resistivity, 
0 "-

Hall coeffièient and Hall mobility 45 

4.2 Calculation of the activation energy El 53 
, . ' 

4.3 Calcul ation of total"impurity co~centration 

and' compensat,; on 
"" " '" 60 

" 
'\" 

" \. .. 



\ 

n 

CHAPTE~ v 

REFERENCES 

" 

" 

> 

). 

Conc.l us i,on 

',. 

o , 

'" 

o . 

"-

v 

r 

65 

67 

" 

~ 
~ nI) 

/ 0) C' 
0 " 

" ,', 

/' 



., 

o 

• 
Q 

p " 

"tiJ' 
if 

CHAPTE.R 1 <..:~ _ -" ',. 

" 

l NTROOÙCT 1 eN 

. 
A ~. ra~ge of contemporary technology, the techr:lOlogy of electronics, 

is based on materials which are neither metals.nor i-nsulators. Such mat-

erials are called semiconductors and their elect~ical properties are inter-

mediate between those of meta}s and insulators. This is because of the 
1 

peculiar energy-band structure of the semiconductors as we will see in 
) 

Chapter Il. . " 
One of th,e semiconductors, with increasing importance in :t;he"last, 

~ , 

deca"de,_ is GaAs; sorne applications of which are Gunn diodes, FEl's, LED's 

and Lasers. Currently, sorne research is directed towards high-efficiency 
~ 

.GaAs solar cells. 50, many studies 'have been made on this. material in the 
. 

last 15 years concerning either the,growth technique or its physical 

. propert i es (l ) . 
.. 

The present work is the electrical characterization of n-type GaAs 

single crystals, grown, by prganometallk-Vapor Phase Epitaxy (OM-VPE). . . 
This is made by Hall-effect measurements ~or temperatures ranging from 5 oK 

to room temperature. T~ mobility, resistivity, carrier concentration are 

found, as well as their temperature dependence. From mobility an~ 

carrier concentration, the total impurity concentration is estimated. The 

results arè interpreted in terms of the e~isting theory concerning moder­

ate doped semiconductors, ~uitably-adjusted for our two-band model. 

In Chapte'r II, elements, of the physics of semiconductors are revie\'ied.' 

In the last part of this chapter, a brief discussion is made about the ,,' . 
crystal growth,by the Organometallic-Vapor Phàse Epitactic (OM-VPE) , 

/ 

\, 
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technique. 
, '. 

, Chapter III i s deyoted to a description 'of the growth techni que, the 

experimenta l apparatus used for the Hall mea surements and the experimen~a l 

process. 

In Chapter IV, the various parameters are listed and a discussion, as 

well as the above-mentioned interpretation of the experimental results are' 

made. 

Finally~ any tonclusi~ns of the present work are discusse~ in Chapter V. 

\ . 
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CHAPTER II 

ELEt1ENTS OF SEMICONOUCTOR PHYSICS 
o 

2.1. Energy bands and inpurity energy levelso 
• 

1 t i s known by X -ray and other studi es that mQst meta l,s and sem; con-

ductors are crys,tall i ne in structure. A crystal consists of a space array 

of atoms or ions buil~ up by regular repetition in .three dimensions of sorne 

fundamental structural unit. It is known also, that for a free isolated 

atorn the electrons are bound to their nucleus only and, hence~they occupy 

definite states separated by discrete quanta of energy. Yet, the sarne ;s 

not true for a crystal. Thh is 50, because the potential characterizing 

the crystalline structure is nowa periodic function in space, the value 
4 • 

of which at any point is the result of contributions, from every atom. ~Jhen 

the atoms come close to each other tÇl form the crystal, then, \'Jhile the 

energy levels of the ;nner-shell electrons are not affected appreciat91y, 

the levels of the outer-snell electrons are changed· considerably, since 

these electrons now are shared by more than one atom in the crystal. It 

i s found by means of quantum mec han i cs tha t coup li ng between the outer-
, " 

shell electrons of the atoms results in groups of closely spaced energy 

states. Each group of them forrns a band of continuous levels. 
1 

In sorne materials these bands overlap each othe·r, therefore a11 

valùes of energy are allowable for the electrons. These matedals are 

metals. If f9r a pure material, o~ the other hand, ther~ ;5 a large 
1 

energy gap (" forbi dden b~nd") be'tween the hi ghest occupie~d electronic 

state at T ::: 0 and the lowest unoccupied one, then this mater;al ;5 an 

lnsu1ator. The energy gap of an insulator ;s of order 5-10 eV. 
/ 

-. 
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When t,his energy gap ;s a,bout l or 2 eV, then the material is a 

~- semiconductor. In this case, the highest occup;ed band at T =_0 is called 

valence band, which is completely full, and thus conduction is not possible, 

1 \ 
while the lower unoccupied band is call~d conduction band. Conduction is 

made by activating electrons from the valence to the conduction band. 
, , 1 

The most common semiconductors· are el ements from the group IV of the 

Periodic Table, mainly Si and Ge, III-V compounds, such as GaAs, InP, InSb 

etc. and II-VI compounds su ch as ZnSe, ZnTe, CdS etc. 

The above disti~tion between a semiconductor and an insulator is 

purely quantitave and, to a large extent, conventional. So, at teTperature 
1 

ofOoK, even this forbidden band of 'V leV is too large for an electron to 

"j ump " from the valence to the conduction band, and thus this material be­

,haves li ke an insulator at that temperature . 
. 

,As we increase the electron energy by a variety of methods (tempera-

ture increase,)irradiation, illumination), then som~ electrons· ll j ump ll from 

the valence to the conduction band, leaving behind positive holes. In such, 
. 

case, the resultant conductivity is known as intrinsic conductivity and 

{he materia~ as an intrinsic semiconduct~r. 
• 1 

The motion of these particles (electrons or holes) inside t~ crystal, 

is viewed by quantum mechanics as the motion of a free particle having 

mass 

where 'E is the 'energy of the particle 'and iik' its momentum. This mass m* 

is called effective mass of the particle, 
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Also, the conductivity can be a1tered by introduciJ9 certain impurity 

atoms in the semiconductor; when a foreign atom with one electron more in 

the outer she1l than the atom which it replaces in the host crystal, (e.g. 
, 

Si repl~~ing Ga in GaAs), is introduced, then this electror is under the . ~ ,., 

influence of the electrostatic force with the p~sitive nucleus of the 

impurity atom reduced however by the dielectric constant X of the medium. 
p • , 

Moreover its mass ; scons i dered to' be not i ts free mass, but the effect­

ive mass m*: Using a'tlydrogenic mode1 the binding energy of the 1s gro'und 

state is given by 

for GaAs 

* Here we take m = 0.07m and x = 13 for GaAs. This energy is considerab1y 

lower than the energy gap (EG = 1.43 eV for GaAs at 300 OK), and thus the 

introduction of these impurities results in al10wable energy states within 

the forbidden band and close to the conduction band. These impurities are 

called donors. 

On the other hand, if the impurity atom has one electron less than the 

rep1aced one, (e.g. C rep1acing ~s in GaAs), then its introduction to the 

crystal resu1t in' allowable states near the valence band, and hence e1ec-

trons may easily be extited ftom the valence band to this state leaving 

behind holes. Generally, this energy is higher than the previous since 

the hole effective mass is larger than the electron effective mass. The 

impurities which supply the semiconductor with holes ar~ called acceptors. 

The most common dopants for GaAs are elements from the VI group of 

the Periodic Table (e.g. Se, Te etc.) ~hich act as do~ors replacin~ As 
Il.-

~ 
"-. 

, . 
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and those from the II group (Zn. Cd' et~) 'form' acceptors when they replace 

Ga. Impurities from the IV group act, either as donors or as acceptors, 

dep~ding on which matrix atom they replace. A complete table of the 

v~ri~s i~purities and their ionization energy for GaAs is given by Sze(2). 
, 

The different valnes of the ionization;energy for each impurity are due to 

the deviation of the impurity atom fro~ ,tfie hydrogen model we considered 

before. 

, 
2.2. Carrier concentration - Mott transition 

"As we have alread~ said ~he conducEivity of a semiconductor depends on 

the total number of electrons (holes), which exist in t~e conduction 

(valence) band. This free carrier concentration is governed DY sorne stat­

istical laws. 

A key for studying the carrier concentration is the Fermi energy F. 

We can define it as the energy level with half probability to be occupied 
• 

and half to be unoccupied. The position of this level depends on the dop~ 
, , 

ing and temperature. ) I~ we den ote Eè the bottom qf the conduction b~nd, 
. 

then the probability to be occupied is according to Fermi-Dirac distribu-

tion function 

l 
\l 

f{Ec' T) = E -F (2.1) 

exp( '~T ) + 1 
0, '\..,' 

where k is the Boltzmann constant. 
, 

For a slightly doped semiccmductor where the Fer'ini level is con'sider-

ably lower than Ec' yet considerably higher than the top Evof the! 

valence band (non-degenerate case), eq. (2. J) reduces to the classical 



.. 
, t 

\ a .. 
1 

• 

Maxwell-Boltzmann distribution f~nction: 

'" 

< 

E -F 
f(E • T) ''V. exp(_-c_) 

C kT 

, 

(2.2) 

If we restrict ourselves to spherical consta,nt-energy surfaces with 

Emin at the centre of the Brillouin Zone> we have for the electron concen-

tration 

E' -r 
n = N 'exp(--c---} 

c kT 

) 

w~ere N; 1S the effective 'density of states in the conduttion band ànd it 

is defined as 

where 

* 2'ITm kT 3/2 ' 
Nc .=2( ~) 

h 

For hole con'centrafion we have 

F-Ey 
P = Ny exp(--) 

J<T 

. 
is th'e effective density of states in the valence band . 

... * ~ * 

. (2.4) 

(2.5) 

1 

7 . 

In the above formulas me and mh are the effective masses for the elec-

. trOIT and hole respectively. . 
, . 

We see from eq. (2.3) and (2.5) that the ~roduct 
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(2.6) 

where EG = Ee-Ev is the energy gap, is ind:pe~dent of the Fermi level and 

hence of the doping. 
, .f> 

For an intrinsie semiconductor, 

(2.7) 

and the Fermi level is at the middle of the energy gap at T = O. From' 
r 

eq. (2.6) the concentration of one type of,carrier can be'found if the 

concentration of the other type is known. 

Let us consider now a semiconductor doped with two types of impurities 
a 

(partly eompensated). Let us assume, also, for the rest of this paragraph 

that ~D>NA»n where NO,NA are the concentrations of donors and acceptors 

respectively (n-type semiconductor). 
\ 
An electron now occupying a donor level has a wave.funètion localized 

about the impurity state and an energy slightly below the conduction band 
. 

, , 

minimum as we have seen in paragraph 2.1. By the "1 oca lized" leve1 we 
1\ 

mean'that each characteristic solution of the Sehrodinger equation for an 

electron in this field decays exponentially to zero at sorne distance from a 

point in space. 

If we start from suff1eiently high temperature, the intrinsie con cent-
• r 

ration dbminates, i.e. ni»NO-NA and then n ~ p and this is given by eq. 
1 
(2.7). As the semiconductor is cooled, ni+ 0 and at certain temperat~re 

there is no case of eleetron excitation from the valence,to the conduction 

band. Rega,rding the electrons of the donors, sorne of them will fill the 

accèptor states and the remainder (ND-NA) will "jump" to the conductiqn . 
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band, assuming that there is enough energy for this. Thus, the electron 

concentration will be constant for a certain temperature range (exhaustion' 

.il range) and' this' ~s:' 

(2.8) 

As thé temperature is l Qwered, sorne of these electrons will fall back 

to the donor states and the carrier concentration is given by 

) . 
(2.9) 

where ~ED = Ec - ED is the ionization energy of the donors. 

'For very low temperatures, where the carriers "freeze", this is given 

by 

(2.10) 

A plot of the.Fermi level and electron concentration against te~epature 

for the GaAs is given by Nag(3). 

Let us see now what happens as .the impurity Goncentration increases. 

In this çase the impurity donors come èloser,' so there is a s~al1, but 

finite, overlap between the wave function of electrons of neighbouring , 
donor~. In this case, although at very low temperatures there are 00 

electrons in the conduction band, a conduction process is still possible' , 
under cèrtain circumstances in which the electron mayes between centres by 

a tunnel effect w.ithout activation into the 'conduction band. This is 

ca11ed impurity conduc~ion(4). ~ 

, , 



10 

The above mentioned circumstances is due to the presence ~f compensa­

tion. In this~ case: since NA electrons have fallèn down tO":he acceptqr 

states, it is possible for one electron to move from an occupied donor 

l.eve1 to an unoccupied one. This process is called impurity conduction by 

hOPPing' proc'ess(4} and the jnterac'tion with phonons iSj essential for this. 

If t.here is no compensation,impurity conduction is not possible, unless the' 

overlap between the centres is very large, which means a high enough 

impurity concent~ation where the electrons behave like a degenerate electron 

gas as we will see below. 

As the impurity conce~tration increases. the'overlap between the wave 

functions of the impurity centres become larger and the ;mpurity leve1s 

* form a band, where the e1ectrons can "jump" and maye freely with less 

energy than the do~~r ionization energy ~ED br' even with no energy at all. 
, 

,(fig,. 1.Ç,l). In the latte.r case, e1ectrons can move free1y, even in the 
,1 

limit T~~ 0, and a semiconductor can be regarded as a metal because it has 

a finite conductivity. 

The transition fram an ;nsulato~ to a metal ;5 attr\buted by Mott to a 

sharp increase in the number of free electrons to the value ncr' governed 
"-" 

by a numerical crHerion(5) • 

where 

n1/ 3 a '" 0.25, . 
cr Q 

-1-2 * 2 ao .= n x/m e, 

, 
(2.11) ,. 

* The tenn "band" is used somehow incorrectlY, s;nce a band ;s connected 
with periodic structures. 'Anyhow, this tè'rm wi-ll be used with the above 
reservation. 
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Fig. l \. Fonnation of the impur-ity band. 

p(E) is the density of states 
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Mott derived this criterion assuming the following. If there are no , 

free electrons, th en a delocalized electron and the remaining positive hole 
. 2 2 

attract each other with a force behaving at large distances r like -e /xr 

With a Coulomb force of this kind the electron and the hale always form a 

bound pair in the lowest energy state and, therefore, they are not able rD .. 
carry a current at T = 0 

On the qther hand,'if the number of free electrons is s~fficiently h·igh, 

the Coulomb field can be replaced by the screened one 

2 
. - ~r exp(-qr) 

o 

where q is a screening constant and this is 50 large that there are no 

bound states. According to Thomas-Fermi model' t~is is given ~y 

According ta Mott, there are no bound states if qa > 1. From this 
0-

limit, (2.11) is derived. 

Mott assumed that the metal-non metal transition should be abrupt 

because a small number of free carriers never exists, si~ce electrons and 

holes form pairs always with energy of order m*e4'/zn2l (6). The screening 

mechanîsm is effective when the concentration reaches the critical value 

and this occurs suddenly. 

The Mott's conclusions differ from the band theory ~cause this theory 

doe$ not allow for Coulomb interactions between carriers.These interactions 

are considered by Mott as an attraction between an electron and a loc~lized 
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hole'. 

An a1lowance for the carrier lnteraction betweeQ c?rriers was first 

mad~ by H~bbard(7) .• He considered the repulsion between electrons located 
l ,~ 

at the same center. 
, 

Hubbard considered,a Hami]tonian consisting ~f two parts, H =: Hl + H2. 

The first part Hl describes the motion of an e1ectron between neighbouring 
J 

atoms, without al10wance for carrier-carrier Coulomb ~nteraction .• The 

,value,of Hl is proportiona1 to the energy-band wid~h E. The second part 

H2 allows for the,repu'ls-iôn"~etween electrons located in the same center 
} 1 

qnd then the energy~~f the s~stem increases by the repulsion energy U, 

so H2 is proportional to U. \. 

If an electron 'is 10ca.liz~, its kinetic energy increases by"an energy 
- '" 

of the ord~r of f . ~_he latter is"ùependent on the interatomic di,stance, 
-,\ 

increasing as the atoms ca~e closer. On the-~ther hand, this localization 
" 

de~reases the,potentia1 energy of the ~lectron b~ the energy U, which is 

independent of the dis~ance between t~e atoms. 

If U >t/, the electron states are loca1ized 

\ 
- \ 

~, 

an9 the crystal is an 

Q insulator. If U~ S . the material is a metal. The ,critical value 

, 

El U = 1.15 of this model is· close ta the Matt criterion, eq. (2.11), 

The métar7insulator transition, according to Hubbard, can be regarded as 

the fi1ling of the energy gap between two subbands, one of w~ich is filled, 

and the other empty. The gap beh'ieen these two subbands decreases as the 
, 

interatomic distance is reduced. 

For even higher impurity concentration, the inpurity band widens 

greatly. At the same time,lthe high concentration of ionized donors pro­

vides 'an attractive potential whtch lowers the edge'of the conduction band. 

\ 
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In this case an over1ap between this impurity band and the conduction 

band occurs, becomipg greater"as the impurity concentration increases 

(fig. l.b)., 

Reviewing eq. (2;11), Fritzsche(8) suggests that instead of using the 
. . 

free carrier concentration, one should consider the total donor con cent-

ration NO;·moreover, this crittca1 value of ~O for the metal-insulator 

transition depends o~ the compensation, increasing,as the latter increases. 

In the case of impurity conduction, the co~ductivity in this model 

is approximated by a sum of three exponential term~(9) 

(2. 12) 

where the Ci IS may be ternperature-dependent. It is assumed that 

cl > E:2 > (;3· The first exponential term represents the conduction-band 

conductivity, so El = ûEO. The activation energy E2 is the energy requir­

ed at low temperaturss for "intennediate" impurity concentration. A band 

is forrned then by the first excited states(9), separated from other bands, 

and electron activation into this band gives rise to this term. The 
\ ( 

mobility is smaller in this band than that of the conduction band but 

larger than the mobility of the, electrons in ground states. The energy 

E2 decreases as the impurity concentration inc;eases and vanishes wh en the 

range of ground-state levels merges with the range of the excited states 
Q 

and, hence, the semi conductor has a meta 11 i c behavi our. 

In addition to the excited states, Fritzsche considers the Upper 
'\ 

Hubbard 0- states corresponding to donors, which ar~ negative1y charged 

by binding an extra electron(9~These 0- states may be lowered due to the 
/ 
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interaction and become important for the conduction in a limited concentra-
. 

tion range before they merge with the ground ~tates, the Lower Hubbard D° 

states, where the metal-insulator occurs. 

The'activation energy Ë3 is the energy required for the electron 

motion from one neutral centre to ant>ther. As it has already beer1. said, 

this process can only occur if compensation is present and this is u~ually 
" , 

a hopping process. Two types of conduction are co~sidered here. In t~e 

first, for lpvl compensation, an electron moves from one atbm' to another of 
, 

which the energy difference is very small. In the second case, high comp-

ensation cau~es a strongly fluctuating potential in "the crystal lattice(lO), 

and the energy difference of neighbouring atoms is considerably larger than 
, 1 

that of the former case ~ , 

The val~es of cl' Ë 2 and c~creases as t~e impurity concentration 

increases, i.e. when the interatomic distance decrea~es. As regard the 

compensation, the values of cl ,and c2 increase with it, while the Er,paSSes, 

through a minimum and then as the compensation continues to increast, the 

E:3 incre~ses also(ll). J 

2.3. Electrical transport phenomena 

, t Conductivity - Mobility 

We saw in the preceding paragraph that the carrier distribution of a 

semiconductor in thermodynamic equilibrium is given b~ the classical 
'L 

Maxwell-Boltzmann distribution function for non-degenerate semiconductors, 

eq. (2.2), or, more generally, by the F,~rmi-Dirac distribution function, 
.. 

, eq. ( 2. 1) . .t 

The distribution function is altered when external forces act on the 

\ _____ ~~ ___ -.è,--_____ _ 
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carfiers. In principle, the electronic properties of a conductor are 

completely specified once this function f(k; r. t) is known. For example, 

the current density is given by(12) 

.. ++ e' + + + 
J(r, t) = 3Jvkf(k, r, t)dk 

4n 
(2. H) 

According to Liouville's theorem, electrons which at time t are in 
+ + + + 

drdk centered about r, k. will at time t + dt be located in an ~qual 
+ + + + 

volume centered about r + rdt. k + kdt. This difference is due to scatter-

ing~ Hence, the Botzmann equation(12) , 

where the last term ihdicates the rate of change due to the collision 

process. 

For steady state condition, and under the influence of time-independ-

ent forces, then afjat = O~ and this equation becomes 

. 
+ + + + df 
k· 'il f + v· 'il f = (-) k r ilt c (2.14) 

The application of a weak electric field E causes a current density, 

which is given by inserting the solution of eq. (2.14) into eq. (2.13) 

, and in the relaxation-time approximation 

+ ne2 + 
J - - <T> E 

* m 
(2.15) 
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where T is a.measure of the rate at which the distribution function relaxes 

to its normal form. This is ca1led the relaxation time constant for the 

distribution function and it is defined as(12) 

af f-f (_) = __ . _0 
at 0 r 

From the'.eq. (2.15), the conductivitY,lis obtained: 

ne2 
0' = - < 

* 
T > 

m 
or (2.16) 

cr = nlel)J 

where, by definition 

)J = lei <T> 

* 
(2.17) 

m 

)J is known as mobility. Its usual unit is cm2V-1sec-1. 

For two types of carriers the 2nd relation of (2.16)' taKes the fonn 

cr = ni el)J + pie l)Jh 
1 e 

(2. lB) 

Becayse the carrier concentration in a semiconductor ;s genera11y a 

sensitive function of te~perature and purity, it is preferable to work with 

the mobilitY')J, instead of the conductivity. Then cr will be given by the 

~secdnd of eq. (2.16) or (2'.18). 
'" ' 

As relation (2.17) shows, the mobility depends on the relaxation time. 

The latter is a fundamental parameter in transport phenomena and is a 
" 



o ,',' , 

functioD only of the energy E of the carriers. Expressions for 1 have 

been derived for véfrious scattering mechanisms. In the following \'Je' 

discuss the major scattering mechanisms. 
, . 

B. Scattering mechanisms 

18 

In an ~deal crystal the application of an external field would uniform-

1y accelerate the electron, causing'a linear inGrease of its drift velocity 

with time in the direction of the" field. But it is known that such a 

linear' increàse in drift' v'elocity with time do es not occur in real crystals. 

The average elec,tron drift velQcity reaches a limiting value,'which at 10w 

fields is proportional to the magnitude of the fie1d, eq. (2.15). This 

1 imit is due to interacti onaf the electron with crystal, imperfecti ons 

through scattering processes. . '- , 
These imperfections may be lattice vibrations, defects (crystal de-

fects, impurities, etc) and carrier-carrier interactions. In the ,finst 
v _ 

case, where the lattice vibrations are cbnsidered, the electrons may coll-
. , 

ide with acoustical and optical phonons, hence we have the acoustic and 

optic,scatterïng mechanisms. 

These are subdivi.ded further in accordance with the nature of pertur­

bing potentials produced by the vibrations. Acoust1c phonon~ produce the 
\ , 

~ètturbing potential in two ways. First, due to the changing in the 

s,pacing of the lattice' atoms, the energy band gap, as \'Ie11 as the P9s,ition 
/ 

of the valènce and conduction band edge$ vary from point to point and due 

to thase potential discontinuities, a potential is produced, which is 
, ' ~ 

called deformation potential. Its magnitude is evidently proportional to 

the produced strain. 
, } 

o 

- .... -.,,-

• 



'The second kind of perturbation is produced by acoustic vibration 
/ 

througn piezoe1ectric effe~t. In crystal having no inversion symmetry, 

19 

the displacements of the atoms due to the acou~tic vibrations produce an 

electric field. This effect is important in .all compound semiconductors. 

It is, however, more important in the wurtzite màterials (CdS, ZnO) than in 

the sphalerite ones (InSb, GaAs) because of the lower symmetry of the former. 

The optic vibration also produce perturbing potential in two ways. 

The first kind, the nonpolar optic scattering is insignificant in most 

semiconductors. The second kind is more important. Due to its signific­

ance in GaAs it will~e discussed later. 

The second case includes imperfections in the periodic potential in 

a crystal, whic,h are produced, mainly, during the crystal growth. In 

properly grown crystals, the effects of the dislocations are negligible 

compared to those of other imperfections. Here, we shall exclude the 

collisions ?t dislocations~ but the effect of the impurities will be 

con s5 dered. 

As mentioned earlier (paragraph 2.1), the impurity atoms pro~ 

• energy 1evels in the forbid~en gap. whi~h are occupied by electrons (for 

donor atoms) and by holes, i.e. are empty, (for acceptor atoms) at very 

low temperatures. Thus, the collision process is dominated at these temp­

eratures by collisions with the neutral impurity atoms. As the temperature 

increases, these impurity atoms ~ecome ionized~ and the collision process 

is then dominated by the collision of e1ectrons with these ionized atoms. 

Be1ow, we discuss the effect on mobility due to the polar optical scatt­

ering and to the ionized impurities. 

\ 

.. 
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i) Polar optical scattering 

This scatteri~g occurs mainly in compound semiconductors . 
. , 

In this case, polarization is produced by the optic vibrati·on due to the 

ionic charges associated with the atoms formifig the compound. The dis­

placement of the neighbouring atoms with the opposite i~nic charges results 

in dipole moments and the associated potential scatters the electrons. ' 

Due to the fact that this scattering mechanism is inelastic, a relaxa­

tion time; strictly speaking, cannot b~ defined, so the temperature dep­
,jj 

endence of mobi l ity i s found by va ri at i ona l techni ques. .; 

Petritz and Scanlon using perturbation theory(,B) found for polar 

optlcal scattering 

(2.19) 

where e is the Debye temperatur;, X and Xo are the static and optical di­

electric constants r~spectivel~, Z = B/T and 

x{z) = l for z « 1 

- 3 1/2 x(z) = S(TIz) for z » 

The pol~r optical scattering is an-important scattering mechanism for GaAs 
, 

in temperature higher than ~ 100 OK. 
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ii) Scattering by ionized impurHy atoms. 

A quantum-mechanica1 treatment of e1ectronic scattering by ionized 

impurity ~toms has been developed by Brooks(14) and a revision in this 

approach has been made by Fa li cov and Cuevas (15) . 

In his approach, Brooks assumes the scattering process ta be 

perfectlyelastic. He assumed that, free carriers could col1e~t,around a 

charged centre and screen partly the potentia1. The"theory, originally, 

was developed for only one kind of impurity (donors) and extended to include 
1 

both majority (donors) and minority (acceptor-s) impurities., 

Brooks found that, in non-degenerate case, the screening radius -should 

be 

r 2 = ~-o 2 ~ 
4rre n ' 

(2.20) 

where x is the 'dielectric constant of the- crystal and 

~A deno~,es acceptor concentration and ND donor concentrati on. n i s the free 

electron concentration. If the ionized impurities are randomly arranged ,in 
, " 

the "atticé, they §èatter independently, and the total scattering is prop-

ortiona1 ta the' number of i~purities. In thi~ case, he found for. a spher-

i ca 1 energy surface 

"-4 ' 
1re NI 

[.9.,n (1+b) b {2.2l}, = .. l+b] 
T 

21/2x2m*1/2E3/2 

\ 
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where Nr-is the total ionized impurity concentration and 

* b == ?tn xkT E 
? .... 2 ~ ne-h n 

22 

(2.22) 

The mobility i~ obtained'by substituting eq. (2.21} into eq. (2.17). 

Since the term in the b,rackets varies slowly with the carrier energy} 

a fairly reliable analytic expression for ~I is obtained, taking E in.(2.22) 

equa1 to 3kT. Then, according to Brooks 

;;.23) 

To linearize the Poisson's equation Brooks made an approximation which 

,is valid if the electric potential resulting from the ionized impurit'ies js 

sm~ll.compared with the thermal energy(14,15). This 'conô)tion' is satisfied' 

in two cases:- at high enough temperatures for any kin~o,f i~purity cont­

ent;- at all temperatures for semiconductôrs doped with only one. klnd of 

impurities. 

Falicov and Cuevas proposed a modificat{on Df the Brooks-Herring 

formula, eq. (2.23), in the case, for low tempe ratures and highly compensa-
- .9, , 

- ted materials(15). They ass~med pair-correlation function between.the 

acceptors and the' donors~~? they obtained a temperature-independent 

screening radius 
G , 

, " 

( 
~--

(2 .. 24),'" 

1) 

\ 
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Finally, ~hey found for the mobility 

III (F-C) 
~ 27/2TI~3/2x2e-3m*-1/2(kT)3/2 

2NA[tn(1+n)+n(1+n)-'J 

23 

- " where, 
6( kT )m* 

n = --=-~--"'------=-r:-
n2/3~2(ND-NA)2/3 

(2.26) 
, ' 

The eq. (2.25) differs from the Brooks-Herring fonnula, eq. (2.23) 

in their denominator and in the fact that tHe invers~ screening radius 
t 

r~l of eq. (2.20) WhiCh~,iVergeS as T approaches zero, is ~ep'aced by that 

pf eq. (2.24) which is i~pendent of temperature. 

Above, we discu~sed the equation \1hich gives the mobility when the 

ionized impurity scattering is dominant: The importance of this kind of 

, scattering process increases as the temperature of the crystal is increased 

from very low values. However, as the charge impurity atoms' cannot scatter , 
, --

high energy electrons. the effect of ionized impurity atoms decrease again 

as the temperature is increased ta higher values. 

C. Combination of mobiljties . " 

We discvssed above briefly the different scattering mechanisms and we ' 
~ 

saw the temperature deltenden~e of blO of them. Actua lly in thè experiment-

al observati ons there are de.vi,ati ons from the theoreti c~lly expected 

behaviour. This is because in most semiconductprs the constant-energy 

surfaces are not spherical as we assumed, and of, the -fact that in al'l ote -

erature regions more than one scattering mecha~isms operate simul~an 

To çalculate the mobilrty in the latter case, we -€alculate firs.t the 

\ 



effective relaxation time, by 

, , 

, 
\, -
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,. 

1 (2.27) --= 

Here, it is assumed that each scattering mechanism acts independentlyof the , 

other. Now, this Teff is inserted into eq. (2.17) to calculate,themobility. 
, ~, 

From eq. (2.27) we notice that the effecNve relaxation time is determined 

by the partial reia-xation time wmiéh is the smallest under'rhe specifie' 

eireumstances. 

The above caleulation often demands Qumerical methods; an approxi­

mate method to caleulate the effective mobility is given by the 

Matthiessen's rule 

The latt~r approximatiQn 

anisms 1re operative, but 

operative simultaneously. 

(2 .. 28) 

leads to a small error when two scattering-mech-

to a larger one for more scatt~ring mechanislTIs 

\.. 

2.4. Measurements of transport prope~ties -

Electrica1 conductivity and Hall effect measurements provide the most 

useful information about the electrieal transport properties of semi-
, 

conductors. To take these rneasurements it is assumed that the crystal is 

in isothermic condition and that the electriéal conducfion is isotropie. 

l 
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A. Electrical resistivity 
. 

For sma11 e1ectric fields, when Ohm's law is valid the resistivity 

,of a sa~p1e is given by: 

Vx t·w 
p ---- (2.29) 

1 9.. 

where Vx is ~he v~ltage across the sample contacts a distance 9.. apart, 

l' the current passing thraugh the sample, t and w the thickness a'nd the 

width of the samp1e respectively. 

The electrical conductivity can then be found by 

_ 1 
cr - -

p 

Usual unit for the resistivity of a semiconductor is the ~ . cm 

(ohm. centimetèr) and fort~e conductivitytheinversc, i.e. n":"r1. cm-1. 

B. The Hall effect 

(2.30) 

, .) 

If a sample carrying a curr.ent l i,s .placed ln a triPIsverse magnetic 

field 8, an electric field EH is ïnduced' in the direction perpendicular ta 
, 

both land B. Thts" phenomenon, known as the Hall effect 1 i s used to deter-

mine whether. a semiçondu'ctgr is n- ,or p- type and ta find the carrièr 

concentration. Also, by~imultaneous measurement of the 'conductivity 0, 

the ~oJ1itY Il can b'e calculated. 

" ,A parameter, the Hall coefficient' RH i,s defined as 

.' 
(2.31) 

\ 



.:!J, 

26 

where J js the current density. 

In the follawing we assume that carriers of one· type are present 

(e.g. elettrons) and that a low magnetic field is applied such as flB « 1. 

In this case, the Hall ca~fficient is equal to 

2 r 
R - l <T > _ H 
H----2--:-

ne <T> ne 
(2.32) 

where the factor rH i s ca 11 ed Hall factor. We see' fram eq. (2.32) that the 

Hall coefficient is inve~sely proportional ta carrier concentration and that 

its sign coincides ~ith the sign of. the carriers. The value or rH is a 

function of the energy dependence of T, i.e. depends on the scattering 

mechanism. Thus, its value is(l6) 

r = 311' = 1.18 
. H 8 

315ïT rH = -- = 
512 

1. 93 

for lattice scattering 
, -

for ionized-impurity scattering 

For strong degeneracy. as well as for strong magnetic field rH = 1. 

(2. 33) 

Actually,the value of ~H may be anywhere betwee~ land 2 depending on 

the ~redominan~e of the·'various 'sca'ttering 'mechanisms, as fi as on th~ 
shape of the bands. ' 

Taking the product RH'o, we obtain frQm (2.16) and (2.32) 
\ 

2 e <T > R '0 = - ~- = rHfl = )1H 
H m* < > e T 

(2. 34), 

where ~ is the electron drift mability and )1H' is known as the ~al1 mobility. 

, ' 
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The latter is proportional, but not equal, to~. The ratio of Hall to 

d;Ht mob41 ity i s gi ven by the value of the Ha 11 factor rH' 

27 

In tenns of measured quantities, the Hall coefficient and mobility take 

the forms 

. (2.35) 

(2.36) 

, /' 3 
The usual units of RH are cm ICb and of the Hall mobility are the same 

a~ of the drift (i.e. cm2/V.sec). 

,. 

2.5 Crystal growth hy Organometa li c-Vapbr Phase Epitaxy (OM-VPE) 

Due to the increasing use of the III-V and II-VI cqmpounds in many 

fields of electronics, many studies have been made for the growth of these 

crys~als: ~1an~ reports, for exarrtple, have been published on liquid phase 

epitaxy (LPE), molecular beam epitaxy (r·1BE) and vapor phase epUaxy (VPE). 

- ln the last decade, many efforts ~ave been made ta u~e metalorganics 
" J 

in preparation of the III-V, and II-VI compounds. The first successful and 
~ 

advantageous growth by thi s techni que was reported by Manasevit ('17) . 

He used triethylgallium (TEG) or tri~ethYlgallium (TMG) and group V. 

hydrides in producing GaAs, GaP, GaAsl_xPx .and~Asl_XSbx on semiconductors 

and insulators such as sapphire
1
(Ai203), spinel (mgA2

2
0

4
) and beryllia 

• (Bea). 

Since then, many reports have been published on this new technique, 
- , 

developing it to include more applications,-such as homoepitaxial growth 

, 

\ 
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of GaAs(18) and the formation of III-V aluminum compounds aAd of the II-VI 

compounds. 

The chemical formulae, whichdescribe the OM-VPE reactions, are the'" 

following 

(1) 

,\ 

: (2) 

Evidently, the group Cl) descri"be 'the formation of III-V compounds, while 

these'of group (2) describe the fonmation of II-VI compounds. 

The growth rate depends on the growth temperature, on" the s~bstrate 

and on metalorganic concentration. Manasevit and Simpson found that at any 

one temperatùre the growth rate of (111) ,GaAs on ~i203 is e'ssentially , 

l inear with TMG concentrabi on when it ;s decomposed in an at'mosphere cont­

aining As and at least a )O-fold excess of AsH3 over TMG in the gas 

stream' entering the reactor(17). 

Many researchers have shown that the electrical characteristics of 

nominally undoped materials depend on the hydride/organometalic flow-rate 
" ' 

ratio., So for GaAs, a flow-rate ratio of AsM3/TMG equal to 3 gjves a 

p-type matertal, "'ïncre,asing it to 6 gives an, n_type(r9). Dopants for-the 

". 
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GaAs are dimethylzinc (DMZ) or diethylzinc (,DEZ) giving p-type, and for 

n-type H2Se~ __ We, notice, that the dopants ,for GaAs, are'also used to grow 

ZnSe. 
,c'I 

T'he advantages of OM-VPE can be summarized as follo\'ls, 

(1) , reproducible epitactJc layers 'can be grovm' with a single 

ternperature zone in a quartz reactor at a rel~tively low temperature, (for 

exarnp le 610 0 C for, GaAs) . 

" (2) .the process can be scaled up for indust\"'J;', 

(3) the same r~actor and' electroni c control S ça'n ~e used to gr~w _ 

other III-V and II-VI compounds, 

(4) partial pressures and flow rates' of all sources can b? controlled 

externally and 

system is evacuate~ and if necessary s~bstrate can be plasma 

etched. 
, 
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CHAPTER III 

EXPERIMENTAL APPARATUS AND PROCEDUHE 

3.1. Crystal Growth Apparatus 

The apparatus used for the GaAs growth by the Organometa 11 ic-Vapor 

Phase Epitactie (OM-VPE) technique is shown schematically in fig. 2. 

Generally, this is similar ta that repor:ted elsewhere(l7). It consists 

principally of a single vertical quartz tube, the reactor, of dimensions 

50 rrun in diameter and 60 cm in length. This reactor is èquipped with a 

SiC coated graphite pedesta 1 whi ch can be inductively hea'ted. The latter 
, 

is supparted by a thermocouple by which the temper'ature can be monitored. 

The liquid organometallics are contained in stainless steel bottles, 
\ 

which in turn are k~pt in thermoelectrically cooled bath~; by this way 

30 

their vapor pressure ean be controlled. The carrier gas, whic'h is bubbled 

thraugh the organometallics, consists of Pd-purified H2. lts flow, as w~ll 

as the flo,,!s of the hydri des and of the dopants are monitored by appro­

priate mass-flow valves. ~ mechanical pump attains the desired pressure 

under which the growth takes place. 

Due to the hi gh toxi city of the reactants, speci al precautions have 

been taken. Thus ~ a pressure gauge sensor (capacitance manometer) monitors 

the pressure and èontrols fail-safe Solenoid valves of each gas for 

security reasons. Also, a charcoal trap, placed at the exit of the reactor, 

traps a,ny taxie As. A 500 lb. char\coal drum ;s also installed outside the 

building at the exhaust of the mechanical pump. 
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SCHEMATIC DIAGRAM OF ORGANO-METALLIC CHEMICAL VAPOUR DEPOSITION (OMCVD) SETUP 
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" 3.2. Contact Déposition Apparatus 

In order to take electrical measurements of a semiconductor~ one needs 

to make ohmic contacts to it. The contacts of the samples investigated were 

made bj vapor depositi.on or ~ppropriate metals or alloys. oThe system u,$ed 

for this ,purpose consists mainly of two components: the electron beam ' 

evaporation source and the vacuum system. 

'The former' is a single"crucible source using'a Varian e-Gun 'Electron 

Bearn Evaporator. lts ,power supply has a maximum power of:3 kW with its 
. 

control unit provided with a convenient single-knob control of evaporation 

and a water-flo\'J interlock. 

The vacuum system is -shown schetnatically in fig. 3. This;s compose~ 
~ 

of the evaporation space and its belljar. the mechanical and diffusion 

pumps and the cold trae;; filled with liquid Nitrogen when operating. The 
\. ~ Ù \ 

pressure is monitored by the gauges, the ion one being used for the range 

of very low pressure. 

, 
3.3., The Cryo9@n;c Temperature Control System 

The design of the1cryostat us'ed in measuring the electricalresistivity 

and Hall efJect is Qshown in fig. 4. 

The s~ple is mounted on the end of the support tube F. about 15 mm 
( , , " 

. abov~ the heater G, and lowêred into the exchange gas chamber L through an 
, 

opening at the top of the dewa,r. All the electrical 1eads ar~ brought up 

through insulated tubes located inside the support tube M and are terminat-

4 ed on muHipin electrical connectors N. These qre hermetica1}y sealed and 

fea ture cl osed-ent:J socket ..-contacts. 
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The isolation space A, i.e. the inner wall space of the exchange gas 

',chambèr, allows one ta thermally isolate the sample space from the.outer 
, , 

space or ta control the cooling rate monitoring the pressure. This exch­

ange gas chamber is placed'in a dewar l, which serves as a liquid helium 

reservoir when measurements are taken down to about 5 oK or it is just open 

ta the ~ir when these are taken in the temperature~interval 80 to 295 oK. 

The inner-wall space J of this dewar is connected to the diffusion pump 0 

through the tube B. The outer dewar H, is filled with liquid nitrogen 
~ 

when measurements are taken. This One also consists of a double w~ll 

évacuated space. 

As it has already been said, the temperature range in which themeasure­

ments were carried out was extended from 5 oK to 295 oK and it was divided, 

in accordance with the methad used ta establish the required temperature, 

into t00 parts" the 80 - 295 oK region and the 5 - 80 oK one~ To obtain 

the former, the spaces A and Lare filled with helium gas with pressure of 

sorne Torr; this pressure is kept low 'in order to have slow temperature 

va ri ane e. The space J i s fi 11 ed wi th 'êtrQ!len gas to the a tmos pheri.c 

pressure. Finally; the space H is fil ed with liquid nitrogen. 
\ 

For the next temperature region (i.e. 5 - 80 OK), we repeat the abovi 

procedure and when the temperature of the sample falls to 80 oK, then the 
,) 

nitragen gas is pumped out from the space J by the'mechanical and diffusion 

pumps. When the pressure comes down to ~ 5 x 10-4 Torr, th~n liquid helium 

is transferred ta the space I. 

Temperature control of th,e aboye mertioned' range is· obtained ~Y 

supplying with just sufficient electrical power the heater G to bring'the 

sample region to the desired temperature. The temperature is determined by 
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a tempera'ture sensor \~hi ch i s a GaAs di ode, type TG-l DDP of Lake Sho re 

Cryotronics, useful in all the interesting temperature range. This diode 

i~ located in the back side of the platform in which the,sample is and in 

the same distance as the sample from the heater. The calibration of this 

diode is presented on fig. 5, where the- temperature vs. voltage has beeo 

drawn. 

3.4. ' The Magnet Control System 
1 

For the Hall effect measurements', a Harvey-Hells electromagnet with 

pole faces 30 cm in diameter and a pole gap of 7.5 cm was used. The max-

imum field intensity of this electromagnet is 10 kG. The,power supply f~r 

it is of model HS-1365 from Harvey-t~ells Corp. Its panel operating cont-

rols include the field set controls with visual indication of the field 

current and a field reversing switch. 

The calibration of this magnetic field has been made by the students 
, 

S. Kovalski and S. Berger usjng an NMR Probe. The calibration graph is 

shown in fig. 6 where the magnetic field in.kG vs. current in amperes is 

... given. 

3.5. The Electrtcal Measuring Circuit 

Two geometric forms have been used for measuring the resistivity and 

the Hall voltage of the present samples. The form of fig. 7.a has been 
, -

used for the samples Al and A2. Efforts to improve the,accuracy of the 

measurements led to the form of fig. 7.b which is widely used. The latter 

!onn has been adopted for the samp les B1 and ,B2. ) 

- Fig. 8 shows a ctiagram of, the electrical measuring circuit, A reg~ 

ulated current source supplies the current which is read by a mil1iammeter. 
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A resistor of 15 k~ is connected in series with the samp1e in order ta keep 

the current constant. The switch 51- permits current reversal. Two digital 

vo1tmeters measure both voltages. the one by which the resistivity is ca1-

culated, ~and the Hall voltage by appropriately connecting the switch S2' 

The heater is placed at the lowest side of the platform and it is 

supplied with current by a regulated current source. The temperature is 

detennined from the calibrated tables of the GaAs diode temperature sensor 
-" 

(fig. 5). The latter is connected with a power supply and a voltmeter. 

The powe, supply has a multiple range of supplied current of 0.001,0.010, 

0.055, 0.137 ~nd 1.35 mA. The calibratidn of fig. 5 has been made for a 

current of 0.010 mA. 

3.6. Preparation of the Samples 

In this paragraph, we discuss briefly the procedure.followed to grDw 

the studied materials. It should be noted here, that the whole part of the 
, -

growth (set-up and procedure) \'Jas made by J. Auclair (Research Assistant). 

A 11 the four s tud; ed ma ter; a 15 we re n~m; na 11y Und!d GaAs s; ~g le 

crystals, grown on semi-insulating Cr-doped GaAs substrates (homoepitaxial 

growth) under, low pressure and changing on1y the growth temperature and the 

flow rate of the re~ctants. Mechanically poli shed semi-insulating Cr-doped 

GaAs, provided by Laser Diode Labs, Inc. were used as substrates. Prior tn 

growth, they were etched in a 3:1:1 solution of,H2S04:H202:~20 for appro~f-
\ ' 

mately 15 minutes.' After being rinsed in distilled water and in methanol, 

they were placed on the graphite pedestal and inserted into the reactor. 

The pressure, -under which the growth was takihg place ~as kept 

constant at 0.3 Torr during the whole growth process. T~e reactants used 
, 

\ 
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,for the studied crystals were trirnethylgall ium (TtlG), 5% -AsH3 in ultra pure 

H2 and as a carrier gas Pd-purified H2' i~ .agr,eement with the first group 

o~chemical reactions, mentioned in paragraph 2.5. 
\ , 

The condiJi ons, under whi ch the grovltl1 of the studi ed semi conductors 
, -

took place are PT~sented in Table,l for each sample. Under these conditions, 

the grown samples exhibited excellent surface morphology. 

3.7. Hall Measurements 

Each sample, as it was obta1ned, was cut by sandblasting to take the' 

mentioned forms (fig. 7a,b)'. Pr~to contact evappration the sample was 

et~hed in a 3:1:1 solution_cif H2S04:H202:H20 f00 20 - 3b sec. After b~ing 

rinsed 'in distilled water, the sample was kept in methanol. Good ohmic 

~ontacts were made to n-type GaAs by evaporation of an alloy Au:Ge (12% by 
'- ' 

weight of Ge) adding Ni about 5 - 10% of the weight'of the alloy Au-Ge: 
(20) , , 

It has been found that the presence of the nickel helps the contacts ta 

be uniform over the surface of the semiconductor. The evaporation was . \ 

carried out in a low pressure-of ~ 10-6 Torr. After the eva~atjon, the 

contacts were annealed for 1 min at 500 oC in Na ~tmosphere. 
Since the contacts have been mad~ and annealed, the sampl'e was- ready 

for Hall measUrements. This was mounted on a copper plate, el-e-cJrically , 
L/ 

isolated from the sample, and wire,S were silverplated on the contads. To-

make the resistivity and Hall measurements, the following process was 

exercised. 

The voltage V~ and Vn across the contacts (2,3) and '(5,6), respect-, x x 

ively (th~ latter •. where applicable, see fig. 8) was'measured for zero 

magnetic field and,for both directions of the current. Averaging them, 

the voltage Vx was obtained~ Then th~ resistivity was calculated using 
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r 
TABLE l 

, , 

... 
Growth Ratio lMG Flow AsH3 Flow 

Sample Temperature.,.... AsHiH1G (cc/min) ( cc/min) (OC) 

Al 650 5: l 4.8 15.0 

A2 635 5: , 5.2 17.4 , 

B1 625 5:" ,5.2 17.4 
-

Bt 625 6.5:' 5.2 22.6 

1 

'JO 

eq. (2.29) and the conductivity by eq. (2.30). 

The Hall voltage was determi ned bt measuri ng the va ltages V l across the 

contact;s (2,6) and V2·across the -contacts (3,5)., (For the shape of fig. 

(7.a) Vl and V2 were the voltages across the contacts (2,6) and (.3,6), 
1 

respect; vely). These measurements were ta ken with the magneti c fiel don, 

off and revèrse. Also, for both directions of the current. 

" If we denote vf, V~ and V~ the above voltage V, for, the magnetic fi~ld 
,on, off and reverse, respectively, then the Hall voltage across these 

, 
contacts> for the. given direction of current is given by, 

~ 

(3.1) 

The·minus sign between the two subtracts in the middle term of eq. 
, . FOR 0 

(3.l) cornes from the fact that lf V, > Vl ' then V1 < Vl . 

.\ 
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By eq. (3.1), we note that this Hall voltage is independent of the 

v~, which means that any assymetry of the contacts (especially the large 

assymetry of the shape of fig. (7.a)) doe~ not affect the Hall voltage, if ;t 

;s calculated by this method. By the 'same method"the Hall voltage across 

the other two contacts is measured and tnen the same is repeated for 

reverse current. Finally, the average Hall voltage VH calculated by 

averaging the~ four "partia 1" ones. 

From the Ha 11 voltage V H' the Hall coeffi ci ent RH ; s calcul ated by ~, 

the eq. (2.35), the mobility ~ byeq. (2.36) and the ratio ---R1 which is 
A _ He " 

equal to the carrier concentration n, if the Hall factor rH is assumed 

ta be unit. The dimensions of the samples are given in Table II. All the 

above steps were repeated for the whole temperature range. 
_ 0 

TABLE II 

"" 

\>Ji 'dth Samp1e Length Thi ckness , .R.(cm) w~cm) t(llm) 

Al '0.420 0.520 7.0 
~ , 

A2 0.400 0.520 6.0 
, 

81 0.445 0.472 2.2 

82 0.445 0.472 . 2.,1 

, 
< 

. .. 
The maxi.muJl1 current uS,ed ~a~ up tO,l mA and th~ l1Jê\gnetic field was 

.. 
( l ~5 Y -2)" d 4 kG = 4. 0 . sec . cm , The fle1 d ependence of the Hall 

Coeffic;e~t was checked up to 7 kG,and it was found to be independent~ For 

low temperatures, the current was reduced ~n o~de~ to avoid the heating of 

the sample. . 
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," ,By this process, measurements 'of the electrical properties \'/ere made 

for a given sample supplied' by Laser Diode Labs. Inc. and the error between 

the resultsand that given by the manufacturing çompany data was approxima-

tely 8%. 

.~ 
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CHAPTER IV 

EXPERIMENTAL RESULTS AND DISCUSSION 
o 

/ 

As we have already said, Hà'-lf measurement were' made for temperature 

45 

rëlnging from 5 OK to 295 OK for four n-type GaAs samples gr'own by Organo­

metalic-Vapor Phase, Epitaxy (OM-VPE) under _the conditions listed ln"Table 

L'In the previous chapter., we di~cussed t,he experim~ntal process under 

w~ich these measurements have been obtained. 

The need to know the optimul growth candltions, such as temperature 

and arsine ta metalorganics ra{i~for futu~e work, has been the motivation 

ta electricially characterize the grown materials. 

The present work is limite~ ta this electrical charaçterization. that 
~ , 

is, to determme resistivity,--Hall mobility, carrier concentration and 
, 

their temperature dependence. as well as the total impurity content. and 

i~ does not enter to details about crystal growth .. In this Ghapt~r~ the 
e 

results are listed and they are interpreted in terms of e'xisting theories 

of electrical conduction in semiconductors. 

4.1 Temperature Dependence of Resistivity. Hall Coefficient and 

Hall Mobi l ity 
o 

T~e results of measurements of the temperature dep~ndence of the 
_~l • 

resistivity. Hall coefficient and mobility are plotted in f.igures 9; 10, 

and 11, respectively. 

From fig. 9, we see that the resistivity has a small minimum just under 

the room temperature, and as the temperature decreases, the resistivity 

incre~~es 'with a finite slope. until at approximately 30 OK. where the 

slope changes and-vanishes, at '\, 20 OK. Therefore. the conductivity at 
/' ~ 
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Fig~/ 10 Hall coefficient vs. inverse temperature 
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\1 

·X 
ytry law temperatures is constant. 

, 
In fi g. 12, the resistivity vs. I/T is platted. Here, we can see this 

behaviaur more clearly. This Changrof the slope at yery low'temperatures 

is, related to impurity conduction(4). Mo;eover, the constant ·co~ductivity 

,shows that,this 'conduction is meta:lic-like. The;refare~ the 'two' Hubbar'd 

bands DO and 0-(7,9) have merged, resulting in c2 = 0 (see eq. (2.12).) 
Q> , 

f 

and there is a finite conductivity even at very law temperatures. 

As it has been said, the number of carriers n at the exhaustion 

qmge, as well as' at the metallic behaviour, is constant and equal to , ' 

ND ~ NA' where ND' NA are the donor and acceptor concentrations, respectively. 
, 

The carrier concentration is given in terms of the Hall ceo~ficient RH' We 

see fram fig: 10 that t,he Hall coefficient is constant at very low temp-
, , 

eratures. As the t~mperature increases, it has a small m~mum at '" 90 oK 

and then 1t falls again for higher tenÏperatures at the same value it has for 

very law temperatures . 

Many authors(4,9,11,21,22) attribute this behaviour to two-band cond~ 

uction. According to them, the maximum occurs at the transition from one 

band to another. By two-band conduction, it is meant'that the electrons 

move either in the conduction band or ~n the impurity band D-(~), which 

resu l ted fram the overlap of the wave functions of the impurity at'oms 
';, 

(see paragraph 2.2). The former cas~occurs at'relatively high temperatbre~ 

while the latter at very ,low ones. In the intermediate temperature range 

both affect the conductivity and this is the temperature range where the 

Hall coefficient deviate~ from its çonstant value. 

On t,he other hand, sorne other authors(21.23), ~onsider the change of 
\, 

the Hall factor rH to explain the maximum of the Hal' coefficient. They 

. \ 

" 
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assume tha t the free carrier concentra t i on is constant and the e~ectrons 

remain a l ways in "the conduction band: that i s,,!> the impurity band has 

merged completeJy with th~ conduction band. 

To find the appropriate process for our case, 1 et us see the temp-

erature dependence of the other parameters. We have a 1ready di scu,ssed the 
. , 

resistivity behaviour. Concerning the mobility, we see from fig. 11 that 

starting from room temperature the, mobility increases as the temperature 

decreases reaching a maximum at ~ 200 oK and as the temperature goes on 

decreasing, then the mobility decreases also and finally it bec~mes cons­

tant at very low temperatures, where it has a mobility whose value is 

between one third ,and one half of the maximum. 
, 

We believe that all these data combined result in a two-ban,d conduc-

tion: at very low temperatures. all the electrons are in the impurity band 

where the mobility is const~nt. (The same for the conductivity, as long as 

all the electrons remain in the impurity band (eq. 2.16)). This mobility is . 
10\'Ier than the mobil ity in the conducti on band. * The difference in the 

mobility is because of the effective mass differenée, the latter being 
, , 

dependent on the shape of the bands. Obvjously, the conduction band does, 

not have the same shape as the impurity band. As the temperature ircreases, 

sorne electrons "j ump "' from the impurity to the conduction band with a resul-

tant higher mobility and hence higher conductivity. So, for a temperature 

range Vie ha,ve a mixture of two contributions to the m'obility and conduc­

tivity. This is the range where the Hall coefficient deviates from ~ts 

constant value. In this case, the Hall coefficient is given by (4,22) 

* Fol' th~hoppin9.~ocess, thi s mobil ity has been found to be rnuch lower(24). 

{ 
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2 2 n.Jl. + n Jl 
l l C C (4.1) 

In eq. C4.l),~the symbols 11ave the known meanings \'Jith the subscripts 

_ i, C denoting- t~~ impurity band and conductiàn band, respectively. Also, 
, 

in deriving eq. (4.1) rH = l is assumed. The same value of rH \<Jill be 

as'sumed in the rest of the present'work, since the lmpurity band p1ays a 

dominant ro1e even at moderate temperatures and as we have said. for dis-

torted bands the Hall factor approaches, the unit. In any case, the error 
'" - " 

resulting fram this assumption \'/i11 not be more th~n 5 - 10% which is within 

our experimenta1 error. - . 
For very low temperatûres. when all the electrons are in the impurity 

band, eq. (4.1) becomes 

(4.1a) 

while for high temperatures 

1 R =-
H n e 

c 

(4.lb) 

, 
and all the elecfrons are in' the conduction band. -1 

From eq. (4.1a) or (Il. lb).) we can find the total electron concentra-

" "" 
tion 

t-

, l 
n = N - N =-. 

D- A R'e 
H 

lû' 
1 '" 

wher~ RH is the c,onstant value of the Hall coeffi c i ent. 

" \ 
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'As long as this transition occurs, the mobility in the conduction 
'" ' 

'band remains constant. This cornes from the fact that the energy given ta 
. 

the crystal by heating it is spent for the carrier excitation from t~e 

impurity ta the conduction band and'not for increasing the velocity of the 

electrons already existing in the conduction band' as the Brooks-Herring 
-\ 

(B-H) formula, eq. (2.23), or Falicov-Cueyas (F:-C) fpnTIula, eg. (2.25) 

presuppose. 

Taking the derivative of eq~ (4.1) with respect to the temperature, 

we find that the maximum occurs when n'Il' == n Il . Since)J l' <)J, then 
11 cc ,'c 

n. > n , therefore. even at ~ 90 oK, the carrier concentrationïn the 
l c 

ïmpurity band is significant, which t)1eans that the ionization energy liED 

(or E., from ~q.' (2.12)) is not too smal1 as one would expect regarding 

the meta11ic behaviour and high concentration of the carriers, at least 

53 

for the three sampl es, Al" B1 and B2. In the next paragraph) an approximate 

evaluation of ihis activation energy i~ made. 

4.2. Calculation of the 'Activation Energy cl 

- For the two-band conduction, the effective conductivity is the result 

. of the two components cr. and cr where cr,) cr are the conductivities'in the 
l C 1 C 

impurity and conduction bands, respective1y. Then, the conduct'ivity is 

given by 

cr ::: a. + cr 
'1 C 

(4.2) 

If for the two terms of the right hand part of eq~ (4.2), the eq. (2.16) 

1S applied, then eq. (4.2) becomes 
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'o=n·lelv. + n lelll 
1 l C C 

(4.3) 

. , 
The term ne represents the fraction of the total electron concentration 

which is in the condu,ction band. This can be app'roximated for low -tempera-

tures, as 

(4.4) 

'Substituting eq. (4.4) into eq. (4.3) and having that ni = n - nc ' we 

take 

cr = n[l 
El El 

exp(--)]Iell-!' + n exp(--)relll 
,kT l kT c 

(4.,5 ) 

',In eq., (4.~) we notice that the term n,lellli is the conductivity for very low 

temperatures o~, wheré all the electrons are in the impurity band. This 

,conductivity, as we can see from fig.:. 9, is con'stant for a limited tempera­

ture range. :~lso, the term nlel]Jc is the conductivity o~ when all ,the 

el ectrons are in the conduct i on band. Thi s, of éourse, happens for h'i gher 

temperatures. Yet, the latter case is not as simple as the former, because 

the mobility J.I is constant, as we h'ave already said,. only for a limited 
\ C \ f 

. tempefature ran~e \'/hen there still are electrons in the impurity band, 

while for higher te~peratures ionized impurity and polar optical scattering 

'mechanisms affect thismobility. Hence, we must find an opt.iJllym temperature, 

where these scattering mechanisms have not started yet ,and at the same time 

all (or nearly all) the carriers are in the conduction band. 

- .\, 

/ 
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-
From the fi gures 9, 10, ànd 11" we fi n'd that the temperature of 150 'oK 

meets the above requirements. First, the Hall coefficient at this point is 

near.the constant value, which means that almost all the electrons are in 

the conduction band and second, at this temperature, the mobility changes 
, , 1 

,~ slQpe~ which means, that the normal scatterin,g mecharisms start to operate. 

Thus, t'aking as o~ the conductivity at 5 oK and as o~ the conductivity at 

150 oK, eq. (4.5) becomes 

" 

(4.6) 

, We note that eq. (4.6) resembles eq. (2.12). Eq., (4.6) can be written as 

o - 09 
~= exp(- El/kT) (4.7) 
o -0, , , c: C 1 

a 'the terni l~-ai is plottedvs,l/T in semi-log graph, then the slope o 0 o - 0, 

=--" 1 
, -.... .... 

wiJl, give t~ activation energy. This is done in fig. 13 (a,b,c,d) for- the 

samples Al, A2, Bl, B2, respectively.; We notice that as the temperature 

increases, this slope incr~ases too, although the-error in calculating El 

for high temperatures is more significant than that of low temperatures, 

since eq. (4.4) hblds for low T. In any ca~e, an estimation of El can be 

made." Its val u'es ~or low and Ili ~h Tare gi ven in Tabl e II r for each sampl e. 

Therefore, we conc l ude that the impuri ty band has a wi dth of 'ù 8 meV and that, 

the impurity band does not overlap the conduction band, but its highest 
" 1 

eage is about,2 meV from the conduction band. Photolumine~cence studies 

near the band-edge (hv ~ EG) at 2 oK are consi~tent with this result; the 
1 
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photoluminscence shows a broag line whose half-width i5 approximately 7 meV 

and wQose peak is at 6 meV below the conduction band for sample A2. 

TABLE III 

Sample 0(- -1 . -1 o( -1 -1 Activation Energy El (meV) 
o. rl • cm ) Oc st ·cm ) l Low T High T 

. 

Al , 4.25 7.25 ' 2.75 ' '7.50 • 
A2 0.262 0.56 1.95 9.30 

BJ 24.2 35.7 . 1.50 8.00' 
" 

82 15.46 29.0 2.40 9.35 - . 
"-'"--

.. 

- 4.3. Calculôtion of Total Impurity Concentration and Compensation 

total impurity concentration and compensation is calcula­

u1'a, eq~ (2.23) or by the (F - C) formula, eq. (2.25), 

applying them at ~ 80 °K(23,25)~ In our case, this is rio~ applied since 

more inan half of the electrons are still in the impurity band. WEi! said 

in the prE;ceding paragra'ph that-::-at '" -150 oK the-mobility due to scattering 

mechanisms changes slope and we see that it actually becomes constant for ~ 

small temperature range, beyond whiçh it decreases. The decrease is attri-

buted to the polar optical scattering, h~ce, we may assume that at room 
" ' 

temperat~re onlY this.mechanism operates. "Moreover, at 200 oK, all the 

electrons have already been activated to the conduction band, and thus the 

. . 
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ionized impurity scattering,has som~ effect on the mobility. 

Assuming that at 200 oK both scattering mechanisms contribute to the 

, " , 
mobility. the mobility due to ionized impurity scattering]JI can be found" . , 

app1ying Mat~hiessen's ru1e, e'q. (2.28), if that due to polar optical 
. -

scattering is known. The mobil ity ]JPO at 200 oK can Q'e found by comparing 

~ it to the measured mobil ity at roorn ternperature. Hé know that (see eq, 

(2.19)) 
o 

llpocc(e: 1) for T ,< è 

\.. 

o is th~ Debye temperature and is equa1 to 417 oK 'for GaAs. Therefore, 

2QO 
]JPO _ e417(200 _ l = 

295' ,-
]JPO e417/295 _ l 

, 
.By Matthiessen,s rule 

then 

l l l --=-+-
']Jeff llpO III 

llpO lleff 
II 1 :::: P~O ~ lleff 

2.265 (4.8) 

(4.9)v 

If in eq. (4.9) we put the valu~ of llpO ,for 200 oK as it is obtained 

by eq. (4,8) and as II 'f~ the measured at 200 o,K, then the ]JI for this 
1 e , 1 • 

temperatur,e can be foun::::d.:-. __ _ 

Although at high temperatures the difference~etween the (F-C) and the 

" 
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-(B H) f l . . . . f . t ( l 5-) h 11 h - f - ormu ,as lS 1ns1gnl 1can , we s a use t e ormer, since this is 
, 

_more appropriate for strongly compensated semiconductors. If m* D.07m
o 

, and X = 13, then the eq. (2.25) becomes 

where 

, 18' 
'~ = A 2.11 . 10 T3/ 2 

1 2N 
A 

A ::: -----.:-'---­

~n(l + n) + n(l + n)~l 

and n is given by eg. (2.26). 

(4.10) 

Usfng the value of III ,for 200 oK, the acceptor c'oncentration can be 

found by eg. (4.10) and the total impurity concentration b~ NI = 2NA + 'no 
"NA 

, The compensation i s given 'by K =, N . 
o ' 

Table IV contains all the parameters osed ta these calculations, as 

wel1 as their results. 
'-

Having finished with the analysis of the measurements, ,we can now 
, , 

make sorne obseryatiQns. All the GaAs layers gro\lln under the conditions 

, listed on Table 1 have a large number of impurities of both types and they 

exhibit metallic-like behaviour at very low temperatures. This js expected 

for the samples Al, Bl and B2, since their free carrier concentration 

exceeds the critical value given by Mott's criterion, eq. (2.11), and which 

; S 'V 1.6, . 1016 for GaAs, 
t 

Yet. for the sample A2, this behaviour is 

explained if the total donor concentration is taken into consideration, as 

Fritzsche(8) proposes. 

1 



/ 

,1l(~m2/V.sec) 
SAMPLE CARRIER CONC~NTRATION 200- oK 295 oK 

n (clJl- -) 

Al 2'1016 2630 2500 

A2 2.2"1015 2020 1910 

, 
1 

B1 8.65.1016 2980 2860 

, , 

B2 4.65'1016 
- 4435 4020 

-

-? 

'" 
--

" 

TABLE IV 

-
DONOR CONCEN1RATION 

ND (cm- ) 

1.4'1017 

1.21 ~1017 

,2.18·10'7 

1. 23· 1{) 17 ' 

.-. 
" 

ACCEPTOR CONCENT 
N (cm- 3) 

A 

1.2.1017 

1.l9·1017 

1.31.10'7 
--

_ 7.6·10'6 

COMPENSATION 
K 

0.86 

,0.98 

0.60 

0.62 

l 

" 

-~­

w 



, 

t 

/ 

(l 
, . 

6l 

Moreover, we found that this metallic b~havi~ur'only occurs at very 

low temperatu~es since the impurity ,band has not merged with the conduction 

band. On the contrary, 'tle·found that there is an qctivation energy El 

whi~h separates these two bands and whose value is between 1.5 and.2.8 meV 

for very low temperatures a,nd that the impurity band has' cl wi dth between 

5 and 7 meV. The lowest El is for the sample with the largest donor 

concentration, which is reasonable, since, as the donor concentration 

încr~ases, the activation energy tends ,ta vanis~. Vet, the next lower t:l 

is for the sample A2, whose donor concentration is comparable with the other 

samples~ Probably this is due to high acceptor concentration of this 

sample. ' This contra.dicts with ~he observat,ion of Davis and Compton for 

G~(ll), who fouryd'th~t t:
1 

d~creases as the donor ~oncentration incr~~ses. 
In any case, this needs further investigation es~ec~ally for extreme low 

~ 

temperatures. 

Concern1ng the crystal-growth technique, -it is noted that high quality 

materials were o~tained with good value of mobility, especially the samples 

Al, Bl an-d B2 .. It is seen from Table IV that the lower the compensation 
, 

. ,and total impbrity concentration are~ the higher the mobility. The .high 

impurity concentration at the present 'limits, the application of such 

crystals for high electronic technologies, although they can be used for 

high-efficiency solar cells, 
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CHAPTER V 

CONCLUSION 

The experimental set-up for electrica1 characterization of semiconduct-

ors was described. The main part of this characterization is the Hall-effect 

measurement. By the latter, the electrical chara,cterization of n-type GaAs 

" single crystals was made. These crystals were g~own by Organometallic-Vapor 

Phase Epitaxy (OM-VPÉ) on semi-insulating Cr-doped GaAs substrates. It was 

found to our surprise .that these crystals exhibit metalljc behaviour'at very 

low temperatures which indicates that the donor concentration exceeds the '; 

critical value given by Mott, even for the' sample vlith the relatively low 

free carrier concentration. This temperature dependence of the resistivity, 

Hall ,coefficient and_ mobility was explained vlith the two-band conduction, 

, and from the temperature dependence of the conductivity, the activation 

energy E~l was found and the impurity band width was estimated. 

The total impurity concentration, as well as the compensation ratio, 

were estimated by the Falicov-Cueves formula concerning the mobility due 

to ionized impudty scattering. This was calculated at 200 oK, assuming 

that two scatt~ring mechanisms operate at this temperature, the Qne due to 

ionized impurity scattering and the other due to polar optical scattering. 

The above analysis of the electrical properties of the samples inves-

tigated shows that with the present empJoyed crystal-~rowth technique, the 

obtained crystals have a high impurity concentration but their mobility is 

good.for this number of impurities. Although these crystals can be used , 

for high":efficiency sol'ar cel1s, they will find limited application for 

other devices due to their'high impurity concentration. Further i~vesti~ 



1 

gat~ on' i s needed in order to grow si ng1 e crys tâ,l s with lO'tier number of 

impurities and therefore higher mobility. 

66 

The present' work was directed to ~he- e1ectrital characterization of­

the grown samp1es. The error in the e1ectrical m~asurements is eitimated 

to be 5 - 10% but'this does not alter our conclusions. Since the crystals 

grown under the present conditions have à high impurity concentration and 

,a high compensation~ these samples can be us'ed as mo<le1s for liquid, 
, '" , .' 

amorphous and other disordered semiconductors, and may give apportunities, 
, > 

ta extend the theoretical knowledge about these materials,especially when 

measurements are taken at extreme )ow temperatures. ' , 

, , 

'/ 

. ' 
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